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PREFACE 


This  report  was  prepared  in  the  course  of  a  continuing  study,  spon¬ 
sored  by  the  Defense  Advanced  Research  Projects  Agency,  of  Soviet 
research  and  development  of  high-current,  high-energy,  charged  parti¬ 
cle  beams  and  their  scientific  and  technological  applications.  The 
report  examines  Soviet  research  on  (1)  the  radio  frequency  quadrupole 
and  (2)  the  alternating  phase  focusing  methods  of  accelerating  and 
focusing  proton  (and  heavy  ion)  beams  in  linear  accelerators,  as 
reported  in  Soviet  open-source  technical  publications. 

The  report  is  the  third  in  a  series  by  the  present  author  on  the  sub¬ 
ject  of  generating  and  accelerating  intense  ion  and  neutral  particle 
beams.  The  first  report  was  The  Development  of  High-Intensity  Nega¬ 
tive  Ion  Sources  and  Beams  in  the  USSR ,  R-2816-ARPA,  November 
1981;  and  the  second,  Production  of  Neutral  Beams  from  Negative  Ion 
Beam  Systems  in  the  USSR ,  R-2909/1-ARPA,  December  1982.  All 
three  reports  should  be  of  interest  to  analysts  involved  in  pulsed-power 
and  energy-related  research. 


SUMMARY 


Soviet  development  of  ion  induction  linear  accelerators  has  been 
remarkable  in  its  steady  pursuit  of  such  goals  as  high  current  levels, 
reliability,  efficiency,  reduced  size,  and  simplicity  of  operation.  In  the 
course  of  this  development,  the  Soviets  have  made  several  significant 
contributions  to  ion  linac  technology,  such  as  the  invention  of  the 
high-brightness,  surface-plasma  ion  source,  the  radio-frequency  quadru- 
pole  (RFQ)  system,  and  the  gyrocon  power  source.  While  Soviet  publi¬ 
cations  acknowledged  only  synchrotron  accelerators  and  high-energy 
physics  experiments  as  the  ultimate  applications  of  these  inventions, 
the  latter,  as  well  as  the  goals  characterizing  Soviet  ion  linac  develop¬ 
ment,  appear  singularly  applicable  to  the  task  of  propagating  particle 
beams  in  space. 

The  RFQ  system  has  been  especially  effective  in  providing  the  prac¬ 
tical  means  of  approaching  the  space  propagation  criteria  of  high 
current  level,  low  injection  energy,  adequate  reliability,  efficiency,  and 
moderate  size.  It  has  been  the  object  of  an  intensive  Soviet  develop¬ 
ment  effort  since  its  invention,  and  led  to  the  capability  to  pass  100 
m  A  currents  at  RFQ  output  of  2  to  3  MeV  for  input  energies  as  low  as 
100  keV.  Another  method  of  simultaneous  acceleration  and  focusing  of 
ions  under  Soviet  development  has  been  the  alternating  phase  focusing 
(APF)  system,  which  has  recently  achieved  a  successful  feasibility 
proof. 

The  present  report  analyzes  the  Soviet  development  of  the  RFQ  and 
APF  systems  as  reflected  in  the  Soviet  open-source  technical  literature 
published  over  the  past  15  years.  While  these  systems  are  essentially 
capable  of  accelerating  and  focusing  positively  and  negatively  charged 
particles,  Soviet  publications  omit  the  consideration  of  negative  ions  in 
the  context  of  RFQ  and  APF  development,  even  though  negative  ions 
are  particularly  important  to  the  formation  of  intense  high-energy  neu¬ 
tral  particle  beams.  Consequently,  this  report  is  likewise  limited  to  the 
consideration  of  protons  and  heavy  ions  as  the  particle  species  subject 
to  acceleration  and  focusing  by  the  RFQ  and  APF  systems. 

Soviet  development  of  the  RFQ  and  APF  systems  has  been  carried 
out  by  several  major  Soviet  research  institutes  of  the  Academy  of  Sci¬ 
ences,  USSR,  and  the  universities:  Institute  of  Theoretical  and  Exper¬ 
imental  Physics  (ITEF),  Institute  of  High-Energy  Physics  (IFVE),  the 
Nuclear  Research  Institute  (IYal),  Radiotechnical  Institute  (RAIAN), 
Khar’kov  Physico-technical  Institute  (KhFTI),  and  Moscow  Engineer¬ 
ing  Physics  Institute  (MIFI).  The  work  of  these  organizations  has 


been  characterized  by  fairly  clear  division  of  labor  and  dedication  to 
separate  major  development  projects.  The  first  three  institutes  pursued 
the  development  of  the  RFQ  system,  while  RAIAN  was  the  main 
developer  of  the  APF;  the  latter  effort  was  recently  joined  by  KhFTI 
and  MIFI.  The  division  of  labor  is  further  manifested  by  the  different 
functions  of. each  institute:  Among  the  major  accelerator  systems, 
IFVE  has  been  developing  the  30  MeV  URAL  injector,  and  a  50  MeV 
injector  is  planned  at  ITEF;  theoretical  analyses  have  been  provided  by 
IYal  for  RFQ  systems  and  by  KhFTI  for  APF  systems. 

At  IFVE,  the  RFQ  is  used  in  the  initial  section  of  the  URAL-30 
injector.  A  proton  current  of  130  mA  has  been  successfully  passed 
through  the  RFQ  structure,  while  80  mA  passed  through  the  entire 
injector  at  30  MeV.  The  major  issue  at  IFVE  is  the  matching  of  the 
beam  to  the  accelerator  in  order  to  minimize  beam  emittance  and  its 
dependence  on  the  phase  of  injected  particles.  ITEF,  developing  the 
preinjector  stage  for  its  50  MeV  system,  has  focused  on  the  problem  of 
electrode  shape,  and  has  found  the  semicircular  cylinder  with  a 
sinusoidal  transition  section  to  be  the  optimal  shape.  The  focusing 
effectiveness,  linearity  of  the  electric  field,  and  transit  time  of  the  par¬ 
ticles  due  to  the  optimal  electrode  shape  have  been  found  close  to  the 
theoretical  electrode  values.  The  ITEF  electrode  solution  has  also 
proved  to  be  successful  in  engineering  terms:  The  electrode  machining 
operation  is  claimed  to  be  relatively  simple  and  has  been  performed 
both  manually  and  by  a  computer-controlled  milling  machine. 

RAIAN’s  development  of  the  APF  system  was  initially  limited  to 
low  beam  currents  of  about  40  mA.  However,  KhFTI  has  reported  on 
the  possibility  of  obtaining  limiting  beam  currents  as  high  as  350  mA, 
and  RAIAN  suggested  that  a  hollow  beam  version  of  the  APF  could 
reach  a  current  of  500  mA.  An  alternative  method  of  increasing  the 
beam  current  limit,  suggested  by  RAIAN,  is  based  on  accelerating 
separate  beamlets  through  multiple  apertures  in  the  drift  tubes.  In  this 
manner,  beam  currents  from  300  to  400  mA  are  expected  to  be  possible 
for  beam  injection  energies  as  low  as  200  keV.  The  multiple  beamlet 
system  is  deemed  by  the  Soviets  to  be  particularly  suitable  for  the 
acceleration  of  heavy  ions.  This  system  is  also  claimed  to  be  the  best 
means  of  realizing  accelerating  voltage  gradients  of  13  MV/m  in  proton 
linac  injectors. 

An  injector  based  on  the  APF  system  has  recently  been  put  into 
operation  at  MIFI.  This  is  a  1.2  MeV  proton  linear  accelerator  with  an 
injection  energy  of  100  keV,  and  an  injected  beam  current  of  up  to  120 
mA  and  150  pulse-length.  The  MIFI  injector  thus  appears  to 
demonstrate  the  practical  feasibility  of  the  APF  system. 


VX1 


Tables  S.l  and  S.2  show  the  chronology  of  development  of  the 
Soviet  RFQ  and  APF  acceleration  and  focusing  system  for  high  current 
proton  and  ion  beams. 


Table  S.l 

CHRONOLOGY  OF  SOVIET  RFQ  DEVELOPMENT 


Beam  Parameters 


Energy 


Year 

Insti¬ 

tute 

R  and  D  Objective 

System 

RFQ 

Input 

RFQ 

Output 

Injector 

Output 

Beam 

Current 

Pulse 

Length 

Beam 

Emittance 

1970 

ITEF 

Initial  RFQ  theory 

1972 

IFVE 

1st  RFQ  test  with 

1-100  preinjector 
(horn  drift  tube) 

510  keV 

3.26  MeV 

100  mA 

40  ys 

1  cm-mrad 

1974 

IFVE 

2d  RFQ  test  with  URAL 
preinjector  (spatially 
uniform  structure) 

100  keV 

620  keV 

200  mA 

10  ys 

.46  cm-mrad 
at  100  mA 

1975 

IFVE 

1st  linac  stage  of 
linear  accelerator 

URAL- 15 

100  keV 

2  MeV 

15  MeV 

50  mA 

10  ys 

.3  cm-mrad 
at  40  mA 

1976  ITEF  Deuteron  linac  with 
RFQ  for  neutron 

generator -proposal 


3  MeV*  100  MeV*  250  mA* 


1977  IFVE  2d  linac  stage  of 
linear  accelerator 


30  meV 


100  mA*  10  ps*9 


URAL-30  100  keV 


2  meV 


Table  S.l — continued 


Beam  Parameters 

Energy 

Year 

Insti¬ 

tute 

R  and  D  Objective 

System 

RFQ 

Input 

RFQ 

Output 

Injector 

Output 

Beam 

Current 

Pulse 

Length 

Beam 

Emittance 

1977 

IFVE 

RFQ  test 

URAL-30 

100  keV 

2  MeV 

130  mA 

5  ys 

.3  cm-mrad 

1980 

ITEF 

RFQ  electrode 
shape  design 

1980 

IYal 

RFQ  simulation  with 
LINUS  code 

1980 

IFVE 

Operation  of 
linear  accelerator 

URAL-30 

100  keV 

2  MeV 

30  MeV 

80  mA 

5  ys 

.5-1  cm-mrad 

1981 

IFVE 

RFQ  beam  matching 
for  URAL- 30 

URAL- 30 

1982 

ITEF 

RFQ  injector 

92  keV 

3  MeV 

50  meV* 

100  mA 

25  ys 

£ 

Proposed. 


Table  S.2 

CHRONOLOGY  OF  SOVIET  APF  DEVELOPMENT 


Beam  Parameters 


Injector  Energy 


Insti-  Beam 

Year  tute  R  and  D  Objective  Input  Output  Current 


Beam 

Emittance 


1969 

RAIAN 

Early  APF  theory 

(15-50  mA  max) 

1972 

RAIAN 

1st  APF  test  using 

AAPF  method 

50 

keV 

550  keV 

1  mA 

.  36it  cm-mrad 

1975 

RAIAN 

AAPF  theory:  particle 
dynamics  as  a  function 
of  aperture  size 

(100 

keV) 

(1.8  MeV) 

1976 

RAIAN 

2d  APF  test  using 

AAPF  method 

100 

keV 

1.8  MeV 

1  mA 

1977- 

1979 

RAIAN 

Multiple  aperture 
beams,  AAPF  theory 
(also  heavy  ions) 

(200 

keV) 

(1  MeV, 

20  MeV) 

(300-400 
mA  max) 

2.4tt  cm-mrad 

Table  S.2— continued 


Beam  Parameters 

Injector 

Energy 

Year 

Insti¬ 

tute 

R  and  D  Objective 

Input 

Output 

Beam 

Current 

Beam 

Emittance 

1978 

RAIAN 

Hollow  beam 

APF  theory 

(500  mA  max) 

1977- 

1982 

KhFTI 

APF  optimization 
theory  comparison  of 
AAPF  and  MAPF  methods 

(150  keV) 

(3  MeV) 

(350  mA  max 
for  MAPF) 

1981 

MI  FI 

Proton  injector 
operation  using 

AAPF  method 

100  keV 

1.2  MeV 

Up  to  120  mA, 
150  ys  at 
input 

. 16  +.02  cm-mrad 

NOTE:  Figures  in  parentheses  are  theoretical  values  only. 
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I.  INTRODUCTION 


This  report  covers  Soviet  development  of  those  aspects  of  ion  linear 
accelerators  that  are  relevant  to  the  problem  of  particle -beam  propaga¬ 
tion  in  space.  Generation  of  high-current  beams  of  neutral  particles 
capable  of  long-distance  propagation  in  space  requires  an  efficient  and 
relatively  compact  linear  accelerating  system  (linac)  in  which  ions  are 
subject  to  the  accelerating  forces.  The  ion  linac  technology  has  been 
developed  in  the  past  primarily  to  study  high-energy  physics 
phenomena,  involving  very  large  and  complex  accelerating  structures. 
Their  size  and  complexity  are  not  of  primary  consideration  in  this 
application.  They  are,  however,  a  major  hindrance  to  the  development 
of  spaceborne  sources  of  neutral  beams.  Another  basic  difference 
between  the  high-energy  physics  and  space  propagation  applications  of 
particle  accelerators  resides  in  the  level  of  beam  current.  High-energy 
physics  experiments  have  been  performed  with  the  beam  currents  in 
the  range  from  pA  to  low  mA.  On  the  other  hand,  space  propagation 
may  require  currents  from  100  mA  upwards.  While  space  application 
of  particle  beams  has  never  been  explicitly  acknowledged  in  Soviet 
open  sources,  high  beam  intensity,  low  beam  emittance,  simplicity, 
small  size,  economy,  and  manageability  have  all  been  goals  of  Soviet 
development  efforts  carried  on  since  at  least  the  late  sixties  in  the  area 
of  ion  linear  accelerators.  In  the  course  of  this  effort,  the  Soviets 
invented  the  radio-frequency  quadrupole  (RFQ)  system  and  indepen¬ 
dently  developed  the  alternating  phase  focusing  (APF)  system,  either  of 
which  provides  the  means  to  accelerate  and  focus  intense  ion  beams. 
The  RFQ  or  the  APF  system  is  used  in  the  front  end  of  the  accelerator 
in  conjunction  with  further  acceleration  stages  using  cylindrical  resona¬ 
tors  or  drift  tubes  with  permanent  magnet  quadrupole  lenses.  The 
specific  advantages  of  these  two  systems  include  low  injection  energy, 
small  resonator  size,  and  absence  of  magnetic  focusing,  as  well  as 
overall  compactness  and  simplicity  of  construction. 

The  RFQ  system  has  now  provided  proton  and  deuteron  beams  with 
currents  as  high  as  200  to  300  mA,  obtained  with  injection  energies  as 
low  as  70  to  100  keV.  Both  the  RFQ  and  APF  systems  have  demon¬ 
strated  the  ability  to  accelerate  very  heavy  particles,  such  as  uranium 
ions,  where  almost  100  percent  capture  can  be  achieved  because  of  the 
high  acceptance  efficiency  for  low -velocity  ions.  Acceleration  of 
intense  H“  ion  beams  is  also  possible  with  these  systems.  Negative  ion 
beam  systems  are  important  in  the  generation  of  intense  neutral 
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particle  beams,  because  of  the  high  conversion  efficiency  of  negative 
ions  into  neutrals  at  higher  energies.  The  low  conversion  coefficient  of 
positive  ions  above  120  keV  practically  precludes  their  use  for  this  pur¬ 
pose. 

The  RFQ  system  became  the  subject  of  U.S.  development  in  1978  at 
the  Los  Alamos  National  Laboratory,  where  it  has  become  an  impor¬ 
tant  component  of  linear  accelerators  for  many  applications.  It  has 
recently  also  gained  acceptance  in  a  number  of  laboratories  in  the 
West. 

In  the  APF  system,  the  basic  structure  of  the  important  elements  is 
considerably  simpler  than  that  of  the  RFQ  system.  However,  the 
choice  of  the  interacting  parameters,  which  determine  the  longitudinal 
and  transverse  particle  motion,  is  more  complex.  While  the  APF  sys¬ 
tem  has  been  under  continuous  development  in  the  Soviet  Union  since 
1969,  it  has  received  much  less  attention  in  the  West. 

Soviet  research  on  high-intensity  proton  linear  accelerators  has  been 
performed  at  the  Radiotechnical  Institute  of  the  Academy  of  Sciences 
(RAIAN)  in  Moscow,  the  Institute  of  High-Energy  Physics  (IFVE)  in 
Protvino,  and  the  Institute  of  Theoretical  and  Experimental  Physics 
(ITEF)  in  Moscow.  Additional  theoretical  and  experimental  studies 
have  been  carried  out  at  the  Institute  of  Nuclear  Research  (IYal)  of 
the  Academy  of  Sciences  in  Moscow,  the  Moscow  Engineering  Physics 
Institute  (MIFI),  and  the  Khar’kov  Physico-technical  Institute 
(KhFTI).  The  work  on  RFQ  systems  has  been  done  at  ITEF,  IFVE, 
and  IYal  in  association  with  the  development  of  injectors  for  proton 
synchrotrons.  The  research  on  APF  has  been  concentrated  at  RAIAN, 
where  this  mode  of  focusing  has  been  studied  since  1969  to  the  present. 
Only  relatively  recently  (since  1977),  additional  research  on  APF  has 
been  carried  out  at  KhFTI,  where  a  comparison  was  made  of  the  two 
alternative  systems,  and  at  MIFI,  where  a  new  proton  linear  accelera¬ 
tor  with  APF  was  put  into  operation  in  1981. 

The  present  report  provides  a  detailed  analysis  of  the  effort  of  these 
institutes  in  developing  the  RFQ  and  APF  systems  and  producing 
high-intensity  ion  beams.  The  input  materials  used  in  this  report  are 
limited  to  open-source  literature,  primarily  in  the  form  of  research 
reports  of  the  Soviet  performer  institutes,  published  between  1968  and 
1983.  The  structure  of  the  report  is  as  follows:  Section  II  covers  the 
RFQ  system,  analyzing  prototype  development  and  accelerator  struc¬ 
ture  at  ITEF  and  IFVE,  providing  an  account  of  RFQ  theory  at  IYal, 
and  concluding  with  the  principle  of  simultaneous  acceleration  and 
focusing  of  positive  and  negative  ion  beams  (double-component  princi¬ 
ple).  Section  III  deals  with  the  APF  system  development  at  RAIAN, 
KhFTI,  and  MIFI,  and  Section  IV  provides  conclusions. 


II.  RADIO-FREQUENCY  QUADRUPOLE 
FOCUSING 


II.  1.  RFQ  DEVELOPMENT  AT  ITEF 

The  principle  of  “spatially  uniform  quadruple  focusing”  as 
developed  by  Soviet  researchers  is  more  commonly  referred  to  as 
“radio-frequency  quadrupole  focusing”  (RFQ)  in  the  United  States. 
RFQ  focusing  was  invented  at  ITEF  and  first  investigated  in  the  late 
1960s  [1,2]  by  I.  M.  Kapchinskiy  and  V.  A.  Teplyakov.  Here  they  first 
proposed  the  combined  function  of  beam  focusing  and  acceleration  in  a 
linear  ion  accelerator.  The  focusing  and  acceleration  function  is 
accomplished  by  a  high-frequency  (RF)  electric  field  generated  by 
four -element  (quadrupole)  long  electrodes.  The  focusing  effect  is 
obtained  by  the  application  of  a  time-changing  potential  on  the  quad¬ 
rupole  electrodes;  the  system  is  homogeneous  along  the  axis  of  the 
accelerator,  as  shown  in  Fig.  1  [1]. 


Fig.  1 — Four-element  electrodes  with 
the  quadrupole  symmetry  [1] 
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The  high-frequency  potential  (±  V/2)  cos  (wt  +  <p)  imposes  alter¬ 
nating  polarity  gradients  on  particles  moving  along  the  axis,  resulting 
in  a  sharp  focusing  effect  [1]. 

The  researchers  at  ITEF  then  showed  that  in  addition  to  the  focus¬ 
ing  forces,  one  can  obtain  longitudinal  accelerating  forces  with  the 
high-frequency  focusing  fields  if  the  distance  between  opposite  elec¬ 
trodes  of  similar  polarity  is  periodically  changed  along  the  axis.  The 
spatial  period  of  the  electrode  structure  must  be  equal  to  the  distance 
covered  by  a  design  particle  during  this  high-frequency  interval.  The 
vertical  and  horizontal  planes  must  be  shifted  relative  to  each  other  by 
one-half  a  spatial  period.  The  potential  of  the  electric  field  on  the  axis 
then  is  found  to  be  modulated  by  a  period  of  0X,  which  produces  the 
resonant  accelerating  effect  [1].  The  cross-section  of  the  electrodes 
along  the  beam  axis  in  the  horizontal  and  vertical  planes  is  shown 
schematically  in  Fig.  2.  Here  the  beam  axis  lies  along  the  z  axis,  and  k 
is  the  wave  number,  k  =  2tt/  0X. 

With  a  given  channel  aperture,  the  acceleration  effectiveness 
increases  with  a  large  increase  in  the  degree  of  modulation  but  the 
focusing  effectiveness  decreases.  Thus,  there  exists  an  optimum  modu¬ 
lation  distance  between  electrodes.  As  it  was  determined  through  cal¬ 
culations  at  ITEF  [1],  the  average  increase  in  proton  energy  per  unit 
length  in  the  proposed  system  was  found  to  be  about  1  MeV/m,  and 
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Fig.  2 — Electrode  cross-section  in  the  two  orthogonal  planes  [1] 
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the  conductance  (the  normalized  acceptance)  was  determined  to  be 
about  1.5  cm-mrad  up  to  an  energy  of  20  to  30  MeV  with  a  maximum 
value  of  RF  field  up  to  250  kV/cm.  The  values  of  these  fields  are  now 
being  used  in  present-day  accelerators.  The  acceleration  system  can  be 
effectively  used  at  low  injection  energies  of  100  to  200  keV  because  of 
the  spatial  continuity  of  the  focusing  and  accelerating  structure  and 
because  the  average  increase  of  energy  per  unit  length  at  low  energies 
is  increased  considerably. 

The  behavior  of  the  beam  in  a  spatially  homogeneous  (RFQ)  strong 
focusing  channel  possesses  special  characteristics.  The  matched  beam 
has  a  constant  size  along  the  axis  of  the  channel.  In  each  of  the  planes 
the  maximum  cross-section  dimension  appears  at  the  moment  in  time 
when  the  channel  in  the  corresponding  plane  is  focusing,  and  the 
minimum  dimension  appears  when  the  channel  is  defocusing.  The 
conditions  of  beam  matching  at  the  input  to  the  channel  changes 
periodically  with  the  frequency  of  the  electric  field.  Thus,  it  is  neces¬ 
sary  to  dynamically  match  the  beam  to  the  channel.  This  matching 
can  be  made  by  using  RF  quadrupole  lenses  [1]  or  the  matching  section 
as  described  in  Sec.  II.3. 

The  four-element  line  can  be  energized  in  the  resonator  with  a  lon¬ 
gitudinal  magnetic  field.  Various  types  of  resonators  with  a 
quadrupole-type  wave  are  shown  in  Fig.  3.  The  double  H -resonator  is 
shown  in  Fig.  3a.  Two  types  of  four-chamber  resonators,  namely  the 


Fig.  3 — Volume  resonator  cross-section  for  accelerating  structures 
having  spatially  homogeneous  quadrupole  (RFQ)  focusing  [3] 
a — double  H-resonator 

b  and  c-— two  types  of  four-chamber  resonators 


sectorial  and  the  cloverleaf,  are  shown  in  Fig.  3b  and  Fig.  3c,  respec¬ 
tively  [3,4].  The  figure  also  shows  the  direction  of  the  electric  field 
near  the  axis  and  the  magnetic  field  in  the  resonating  volumes.  A  pho¬ 
tograph  of  a  single  section  of  an  accelerator  with  RFQ  focusing  is 
shown  in  Fig.  4. 


II. 2.  RFQ  INJECTOR  OPERATION  AT  ITEF 

The  RFQ  accelerator  structure  at  ITEF  is  presently  being  incor¬ 
porated  into  the  new  proton  synchrotron  injector  intended  to  replace 
the  now  obsolete  25  MeV  1-2  linear  accelerator. 

The  new  proton  injector,  now  under  development,  is  expected  to 
reach  an  output  energy  of  40  to  50  MeV  as  compared  with  the  24.6 
MeV  of  the  1-2,  and  to  have  improved  beam  parameters  [5].  The 
accelerator  consists  of  an  initial  RFQ  section  followed  by  an  Alvarez- 
type  resonator  operating  with  a  double  frequency  of  297  MHz  and 
using  permanent  magnet  quadrupole  lenses,  which  will  provide  focusing 
of  the  beam.  The  transition  energy  between  the  RFQ  and  the  Alvarez 
structure  was  chosen  as  3  MeV  for  optimum  beam  transmission.  The 


Fig.  4 — Accelerator  section  with  RFQ  focusing  [3] 
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RFQ  structure  was  aligned  and  tuned  in  1981.  The  initial  section  of 
the  accelerator  showing  the  RFQ  resonator  and  vacuum  chamber  is 
shown  in  Fig.  5  [5]. 

The  resonator  is  composed  of  eight  separate  sections,  each  trom  5  <4 
to  602  mm  long.  Each  of  the  four  chambers  includes  tuning  plates,  an 
electrode  translation  mechanism,  and  current  measuring  loops.  The 
matching  of  the  beam  along  longitudinal  and  transverse  coordinates 
from  the  RFQ  to  the  linac  is  accomplished  by  an  adiabatic  change  of 
parameters  along  the  initial  part  of  the  first  section.  Details  of  the 
RFQ  structure  showing  the  accelerating  and  focusing  electrodes  are 
shown  in  Fig.  6  [5]. 

The  Soviet  researchers  recognized  that  the  cloverleat-type  Kr 
chamber  resonators  are  the  most  convenient  configuration  for  provid¬ 
ing  the  required  quadrupole  fields,  since  the  RF  field  is  concentrated 
inside  a  single  closed  cavity  and  thus  optimizes  on  the  cooling  of  the 
resonator.  The  four-chamber  resonator  with  longitudinal  magnetic 
field  has  been  analyzed  in  detail  at  ITEF  [6].  IFVE,  however,  is  using 
the  double  H-resonators. 

ITEF  started  operating  the  3  MeV  RFQ  accelerator  in  October  1982, 
and  obtained  a  proton  beam  current  of  100  mA  with  a  pulse  length  of 
25  fis  [7].  The  measurement  of  protons  having  energy  of  3  MeV  was 
confirmed  by  passing  the  beam  through  a  stainless  steel  foil.  The 
optimum  beam  injection  energy  was  determined  to  be  92  keV  and  the 
beam  output  momentum  spread  was  less  than  3  percent  [7].  The 
structure  of  the  RFQ  accelerator  consists  of  three  sections:  the  match¬ 
ing  section,  the  buncher,  and  the  main  accelerator  section.  The  match¬ 
ing  section  comprises  22  cells,  where  transverse  matching  is  accom¬ 
plished  by  reducing  the  distance  between  the  electrodes.  To  optimize 
the  particle  capture  in  this  section,  the  equilibrium  phase  is  maintained 
at  a  value  of  -90°.  In  the  buncher  section  the  beam  is  broken  up, 
bunched,  and  further  accelerated  while  maintaining  constant  space- 
charge  density.  The  output  section  of  the  buncher  imposes  a  limit  on 
the  maximum  beam  current  pulse.  The  equilibrium  phase  in  the  main 
accelerator  section  is  —35°  with  a  maximum  accelerating  field  of  250 
kV/cm  and  a  maximum  voltage  between  adjacent  vanes  of  185  kV  [7]. 

A  hollow  cold  cathode  duoplasmatron  ion  source  was  used  with  the 
injector  and  was  located  at  a  minimal  distance  of  about  30  cm  from  the 

linear  accelerator  input.  . 

Another  RFQ  application  was  studied  at  ITEF  in  1976-1977,  involv¬ 
ing  an  intense  pulsed  proton  linear  accelerator  employing  double  fre¬ 
quency  with  a  final  energy  of  100  MeV  [8].  This  accelerator  is 
expected  to  accelerate  deuterons  for  use  as  an  intense  neutron  genera¬ 
tor  in  [9].  A  250  mA  beam  current  was  envisaged  for  the  RFQ  using  a 


Fig.  5— Initial  accelerator  section  of  the  new  proton  injector 
being  assembled  at  ITEF,  showing  the  RFQ  structure  [5] 


Fig.  6 — Details  of  the  final  section  of  the  RFQ 
structure  showing  the  electrodes  [5] 


2  m  accelerating  wavelength.  The  RFQ  section  would  accelerate  the 
beam  to  an  energy  of  2.5  to  3  MeV,  beyond  which  the  beam  would 
further  be  accelerated  using  cylindrical  resonators  with  drift  tubes  with 
aim  wavelength  accelerating  field.  After  the  3  MeV  point,  particles 
in  the  beam  experience  less  coulomb  repulsion;  there  is  no  loss  in  beam 
intensity. 

The  wavelength  change  from  2  m  to  1  m  at  the  end  of  the  RFQ  sec¬ 
tion  decreases  not  only  the  resonator  length  but  also  its  diameter.  The 
voltage  between  adjacent  electrodes  in  the  RFQ  is  set  at  188  kV  with  a 
maximum  electric  field  of  235  kV/cm  at  the  electrode  surfaces  [8].  The 
final  section  would  have  56  drift  tubes  with  permanent  magnet  quadru- 
poles  that  produce  a  focusing  magnetic  field  gradient  changing  from  5.8 
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to  2.3  kG/cm.  The  average  axial  field  will  be  35  kV/cm  with  a  gap 
coefficient  a  =  0.3  and  a  maximum  electric  field  at  the  electrode 
surface  of  235  kV/cm,  the  same  as  the  value  in  the  RFQ. 

The  total  length  of  the  proposed  accelerator,  including  the  ion 
source  and  its  power  supplies,  will  be  15  m,  which  corresponds  to  an 
average  acceleration  rate  of  1.67  MeV/m.  In  comparison,  the  average 
acceleration  rate  of  the  1-2  accelerator  is  only  0.82  MeV/m  [8]. 

The  effectiveness  of  acceleration  and  focusing  in  various  RFQ  focus¬ 
ing  electrode  structures  was  analyzed  theoretically  by  ITEF  in  1980 
[10]  and  in  1981  [11].  According  to  ITEF,  the  fabrication  of  desirable 
RFQ  electrode  surfaces  is  limited  by  the  constraint  imposed  upon  the 
electrode  spacing  by  the  distance  between  poles  required  to  maintain 
the  appropriate  electrode  voltage  without  sparkover.  ITEF  considered 
various  electrode  shapes  in  order  to  improve  the  accelerator  perfor¬ 
mance.  Two  types  of  RFQ  electrode  pole  shapes  have  been  carefully 
studied:  variable-diameter  cylindrical  electrodes  with  conical  transi¬ 
tions  (Fig.  7)  and  semicircular  electrodes  with  sinusoidal  transitions 
(Fig.  8).  The  results  of  the  analysis  have  been  compared  with  formulas 
based  on  ideal  electrodes. 


Fig.  7_Cylindrical  variable-diameter  electrodes 
with  conical  transitions  [10] 
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Fig .  8— Semicircular  electrodes  with 
sinusoidal  transitions  [10] 


The  resulting  equations  represent  approximations  to  the  ideal  elec¬ 
trode  shape,  and  the  errors  introduced  by  these  formulas  depend  on  t  e 
degree  of  such  approximation.  Semicircular-shaped  electrode  poles 
with  sinusoidal  transitions  are  found  to  provide  the  optimum  practical 

geometry.  .  , 

The  focusing  field  created  by  the  semicircular  electrodes,  with  a 
ratio  of  electrode  radius  to  average  distance  from  the  axis  to  the  elec¬ 
trode  of  about  1.14,  was  found  to  possess  the  best  linearity.  Therefore, 
ITEF  decided  to  use  half-cylindrical  electrodes  with  constant  thickness 
and  sinusoidal  modulation  of  the  distance  between  the  electrodes  an 
the  axis.  ITEF  points  out  that  the  focusing  effectiveness  of  the 
transit-time  factors  turns  out  to  be  close  to  the  theoretical  values.  T  e 
equipment  and  techniques  for  fabricating  these  electrodes  were 
reported  to  be  relatively  simple  [5].  The  electrodes  were  machined 
both  by  hand  and  by  a  computer-controlled  milling  machine. 

The  old  25  MeV,  1-2  linear  accelerator  was  initially  set  into  opera¬ 
tion  in  1966  [12]  and  has  been  operating  with  pulsed  beam  currents 
ranging  from  160  to  180  mA  with  maximum  of  200  mA  [13,14].  The 
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accelerator,  in  addition  to  its  function  as  an  injector  for  the  proton 
synchrotron,  has  been  used  to  propagate  its  beam  in  the  atmosphere 
for  a  series  of  various  experiments  [13,15].  The  1-2  accelerator 
operated  either  as  the  injector  to  the  synchrotron  with  intermittent 
pauses  of  0.8  and  3.2  s  or  by  itself  with  a  repetition  rate  of  1  Hz  and  a 
pulse  length  of  3  to  50  ms.  The  1*2  accelerator  was  thus  used  as  an 
injector  or  as  an  intense  source  of  protons  [15].  The  proton  beam  was 
injected  into  the  atmosphere  through  an  aluminum  foil  0.3  mm  thick. 
Experiments  with  beam  injection  into  air  started  in  October  1971  with 
beam  currents  greater  than  100  mA. 

Detailed  beam  emittance  measurements  made  recently  in  [16] 
showed  that  the  beam  emittance  was  actually  lower  than  1.2  cm-mrad 
for  beam  currents  of  up  to  190  mA,  with  an  injected  beam  current  of 
460  mA  for  95  percent  beam  sampling.  The  matching  channel  of  this 
accelerator  had  to  be  totally  reconstructed  after  tests  showed  that  the 
injected  beam  current  of  up  to  400  mA  did  not  raise  the  value  of  the 
output  beam  current  above  200  mA.  This  problem  was  solved  mainly 
by  increasing  the  beam  apertures  of  the  quadrupole  lens  electrodes  to 
an  internal  diameter  of  9  cm  [17,14,18]. 

The  larger  the  acceptance  of  the  linear  accelerator  and  the  larger  the 
phase  density  of  the  beam,  the  higher  the  coulomb  limit  of  the  beam 
and  thus  the  beam  current  that  can  be  passed  though  the  Unear 
accelerator.  The  acceptance  of  an  Alvarez-type  linear  accelerator  is 
approximately  proportional  to  the  cube  of  the  accelerating  field 
wavelength,  thus  providing  an  effective  means  of  increasing  the  pulsed 
beam  intensity  by  increasing  the  wavelength.  Countering  this  advan¬ 
tage,  however,  is  the  fact  that  the  total  cost  of  the  accelerator  increases 
with  wavelength. 

It  was  determined  at  ITEF  that  at  relatively  high  energies  (about  10 
MeV),  the  emittance  of  the  core  of  the  beam  does  not  change  and  the 
increase  in  phase  space  is  due  solely  to  the  halo  of  the  beam.  The 
experimental  results  of  Fig.  9  show  the  absence  of  change  in  the  phase 
space  of  the  core  containing  80  percent  of  the  particles  [19,20].  The 
left-hand  curve  shows  a  400  mA  beam  at  the  input  to  the  accelerator 
and  the  right-hand  curve  shows  a  180  mA  beam  at  the  output  to  the 
accelerator.  Here  the  beam  core  phase  space  remains  unchanged  while 
the  halo  phase  space  increases  and,  at  the  end  of  the  acceleration, 
reaches  the  acceptance  value  set  for  the  whole  beam. 


II. 3.  RFQ  DEVELOPMENT  AT  IFVE 

The  first  experimental  investigation  of  the  acceleration  and  focusing 
of  a  proton  beam  using  an  RFQ  structure  was  carried  out  at  IFVE  in 
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1972  [21].  This  RFQ  structure  utilized  horns  mounted  at  the  faces  of 
drift  tubes  as  described  later  in  this  section.  The  preinjector  of  the  1- 
100  linear  accelerator  was  used  to  inject  a  100  mA  proton  beam  at  500 
to  600  keV  into  the  section  under  test.  A  25  mA,  3.26  MeV  proton 
beam  was  obtained  at  the  output  of  the  RFQ  section  and  was  limited 
only  by  the  100  mA  beam— the  maximum  that  could  be  obtained  from 
the  injector.  A  block  diagram  of  the  apparatus  used  to  accelerate  pro¬ 
tons  is  shown  in  Fig.  10  [21].  The  accelerator  section,  with  the  R*Q 
electrodes  and  resonator,  was  housed  in  a  vacuum  chamber  that  also 
served  as  a  shield  made  up  of  three  separate  sections  measuring  70  cm 
long.  The  acceleration  electrodes  used  here  were  of  the  double-gap 
type  [22]  and  the  resonator  was  the  H  type  [23]. 


Preinjector 
of  1-100 
accelerator 


Fig.  9— Increase  in  phase  space  in  the 
1-2  linear  accelerator  [19] 


Fig.  10 — Block  diagram  of  the  experimental 
apparatus  [21] 
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The  basic  parameters  of  the  RFQ  section  are  given  in  Table  1  [21]. 
The  beam  current  at  the  input  to  the  accelerator  was  measured  by  an 

inductive  detector  and  a.  the  output  by  . ,  ara<“L“?’  "“nerls 
removable  foil  in  front  of  it  in  order  to  allow  protons  with  en  ^ 
greater  than  2.5  MeV  to  be  measured  independently  The  output  beam 
current  was  found  to  be  directly  proportional  to  the  input  beam 
current,  as  shown  in  Fig.  11  [21]. 


Table  1 


BASIC  PARAMETERS  OF  THE  HORN  DRIFT  TUBE  RFQ  AT  IFVE  [21] 


Injection  energy . 

Output  energy . \  \  a 

Frequency  of  the  accelerating  fiel 

Resonator  length . 

Outside  diameter . 

Number  of  electrodes . 

Accelerating  channel  aperture . 

Normalized  acceptance . 

Synchronized  phase . 

Resonator  voltage . 

RF  pulse  length . ' 

Preinjector  current  pulse  length. . . 


510  keV 
3.26  MeV 
132.5  MHz 
2.4  m 
0.41  m 
65 

1.6  cm 
1  cm-mrad 
30° 

153  kV 
35  ys 
40  us 


Fig.  11 — Accelerated  beam  current  as  a  function 
of  injection  current  [21] 
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A  maximum  accelerated  beam  current  was  observed  experimentally 
at  the  output  of  the  RFQ  section,  as  well  as  predicted  theoretically,  for 
a  specific  value  of  injection  energy  of  the  beam. 

Using  the  accelerated  beam  current  as  a  function  of  RF  voltage  in 
the  resonator  at  a  nominal  value  of  injection  energy,  the  IFVE 
researchers  obtained  the  threshold  field  Vt ,  and  thus  the  experimental 
capture  coefficient  (ke)  as  a  function  of  synchronized  phase,  as  shown 
in  Fig.  12. 


0—475  keV 

Fig.  12 — Capture  coefficient  as  a  function  of  RF  power  [21] 


The  capture  coefficient  is  defined  here  as  the  ratio  of  the  accelerated 
particle  current  to  the  injection  beam  current  and  is  represented  by 
experimental  and  theoretical  points  in  the  figure  (ke  and  kt ,  respec¬ 
tively).  The  experimental  points  agree  well  with  the  calculated  values, 
as  shown  by  the  solid  curve  representing  kt  values.  From  these  exper¬ 
iments  it  was  inferred  that  the  capture  coefficient  is  determined  by  lon¬ 
gitudinal  particle  motion  and  is  not  affected  by  lateral  particle  motion. 

The  acceptance  of  the  accelerator  section,  measured  by  the  double 
slit  method,  had  a  value  of  1  ±  0.1  cm-mrad,  as  shown  in  Fig.  13. 
These  measurements  agreed  well  with  the  calculated  values  and  thus 
showed  promise  that  a  maximum  beam  current  of  100  mA  could  be 
reached  at  the  accelerator  output.  The  value  ke  was  20  percent  (see 
Fig.  12). 
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Abscissa — particle  displacement 

from  the  accelarator  axis 
Ordinate —  angle  of  deflection  from 
the  axis 

Fig.  13 — Acceptance  of  the  accelerator  [21] 


In  these  experiments  the  resonator  consisted  of  a  wide  shield  cavity 
in  the  form  of  a  pipe  with  an  axial  slit.  The  drift  tubes  were  mounted 
at  the  edge  of  this  slit.  An  intermediate  electrode,  kept  at  zero  poten¬ 
tial,  was  inserted  into  the  gap  between  the  pipes.  The  focusing  forces 
were  created  with  the  help  of  the  horns  at  the  faces  of  the  dectrodes. 
The  acceleration  electrodes  were  spot  welded  in  place  with  the i  align 
ment  of  the  electrodes  held  within  30  micrometers.  The  resonator  ele¬ 
ments  were  mounted  on  insulators  in  the  vacuum  chamber  A  DC  vol- 
tage  of  2  to  3  kV  was  maintained  between  the  vacuum  chamber  and  t 
resonator  in  order  to  remove  the  electron  resonance  load.  Owing  to 
this  construction,  the  RF  power  lead  to  the  resonator  was  able  to 
operate  without  voltage  conditioning.  The  voltage  in  the  resonator 
which  was  almost  double  the  rated  value,  could  be  maintained  as  soon 

as  the  vacuum  in  the  chamber  reached  1  x  10  Torr. 

A  spatially  uniform  RFQ  system  was  developed  and  tested  at  IFVE 
in  1974  [24]  and  was  used  as  the  preinjector  section  (initial  accelerator 
section — IAS)  of  the  URAL  linear  accelerator  (as  descnbed  m  Se^ 
II 4)  This  system  utilized  the  four  continuous  electrodes  as  opposed  to 
the  separate  horn  drift  tube  structure  described  above.  The  maximum 
accelerated  proton  beam  current  at  the  output  of  the  RFQ  preinjector 
was  found  to  be  200  mA  for  400  mA  injected  from  the  ion  source.  T 
beam  contained  from  5  to  10  percent  H2+  ions.  The  beam  at  the  R  Q 
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input  had  an  energy  of  100  keV  and  was  accelerated  to  an  energy  of 
620  keV. 

Without  the  full  presence  of  the  RF  field,  the  RFQ  was  able  to  pass 
the  whole  beam  from  the  ion  source  (up  to  a  maximum  of  400  mA).  In 
order  to  measure  the  beam  current  of  only  the  accelerated  particles, 
once  the  RF  field  was  turned  on,  a  magnetic  analyzer  together  with  a 
focusing  lens  and  faraday  cup  was  used  at  the  output  of  the  RFQ.  The 
rest  of  the  beam  was  lost  to  the  analyzer  vacuum  chamber  walls.  The 
beam  analyzing  experimental  apparatus  is  shown  in  Fig.  14  [24]. 


1 —  induction  detectors 

2 —  faraday  cup 

3—  quartz  screen 

4—  magnetic  analyzer 

5 —  magnetic  lens 

6—  power  feed-through 

7—  resonating  chambers 


8 —  accelerating  electrodes 

9 —  insulators 

10—  outer  chamber 

11—  frequency  maintaining  rings 

1 2 —  measurement  feed-throughs 

13 —  magnetic  lens 

14 —  ion  source 


Fig.  14 — Schematic  of  the  IAS  beam  analyzing  apparatus  [24] 


The  dependence  of  the  accelerated  beam  current  upon  the  injected 
beam  current  and  level  of  the  RF  field  in  the  resonator  is  shown  in 
Figs.  15  and  16,  respectively. 

The  measured,  as  well  as  calculated,  spectra  of  the  accelerated  pro¬ 
ton  beam  are  shown  in  Fig.  17.  The  stability  of  the  beam  is  apparent 
for  ±  20  percent  changes  in  the  voltage  level  (V)  of  the  RF  field. 
Adjustment  of  the  electric  field  and  energizing  the  electrodes  did  not 
cause  any  problems.  Practically  no  voltage  conditioning  was  needed  in 
reaching  the  required  RF  voltage  to  establish  the  158  kV/cm  field. 

The  beam  emittance  was  measured  by  photographing  the  imprints 
on  a  quartz  screen  left  by  beamlets  sampled  from  the  beam  by  a  mov¬ 
able  slit.  Computer  calculations  were  also  made  using  this  single  parti- 
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Fig.  15— Accelerated  beam  current  as  a 
function  of  injected  beam  current  [24] 


Fig.  16— Accelerated  beam  current  as  a  function  of  the  RF 
voltage  level  (Iinj  =  300  mA)  [24] 


cle  approximation.  In  calculating  the  beam  spectra,  200  axial  particles 
were  used  in  the  beam  modeling,  which  were  evenly  distributed  in  the 
input  phase  interval.  The  calculations  showed  that  with  a  6  mm  beam 
diameter  at  the  RFQ  input  and  a  normalized  emittance  of  0.35  cm- 
mrad,  the  calculated  normalized  emittance  at  the  RFQ  output  grew, 
showing  the  definite  formation  of  a  core  surrounded  by  a  halo,  ihe 
normalized  emittance  of  the  core  (for  85  percent  of  the  particles)  was 
determined  to  be  0.5  cm-mrad.  The  emittance  at  the  output  of  the 
RFQ  was  measured  both  for  all  of  the  particles  and  for  accelerated  par¬ 
ticles  only  (see  Fig.  18).  The  normalized  emittance  of  only  the 
accelerated  particles  by  the  RFQ  was  found  to  be  0.46  cm-mrad  for  an 
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— V  =  Vnom 
-o-  V  =  1.2  Vnom 
-  •  -a-  ■ "  V  —  0.8  VnorT1 
— —  =  Calculated  value 

Fig.  17 — Spectra  of  the  accelerated  beam  [24] 


accelerated  beam  current  of  100  mA.  The  total  normalized  beam  emit- 
tance  for  all  the  particles  (accelerated  and  unaccelerated)  at  this  beam 
current  was  1.1  cm-mrad  [24]. 

The  basic  parameters,  both  experimental  and  theoretical,  of  this 
RFQ  are  shown  in  Table  2  [24]. 

In  1981  IFVE  studied  the  problem  of  matching  the  ion  beam 
between  the  ion  source  and  the  focusing  channel  of  the  RFQ  [25].  The 
acceptance  of  linear  ion  accelerators  is  strongly  dependent  upon  the 
phase  of  the  incoming  particles  as  they  enter  the  accelerating  high- 
frequency  field.  This  applies  more  to  the  RFQ  than  to  magnetic  quad- 
rupole  focusing  accelerators  [26].  In  order  to  minimize  the  dependence 
on  the  phase  of  the  incoming  particles,  IFVE  developed  a  matching 
section  located  just  before  the  RFQ.  The  RFQ  resonator  and  matching 
section  are  shown  schematically  in  Fig.  19a  and  the  accelerating  elec¬ 
trodes  are  shown  in  Fig.  19b.  The  acceptance  curves  for  the  RFQ  as  a 
function  of  the  phase  are  shown  in  Fig.  20  [25]. 
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o — emittance  of  the  accelerated  and  unaccelerated  particles 
•—emittance  of  only  the  accelerated  partricles 
hnj  “  lout  “  200  mA 
laccel*  100  mA 

Fig.  18 — Beam  emittance  measurements  at 
the  output  of  the  RFQ  [24] 

The  mutual  part  of  the  curves  (the  effective  acceptance)  is  two  to 
three  times  smaller  than  the  acceptance  of  any  one  of  the  separate 
input  phases.  This  complicates  the  problems  of  injection.  In  addition, 
during  the  acceleration  process,  the  beam  emittance  increases  because 
of  the  mismatching  of  the  input  beam  emittance,  with  the  phase  sensi¬ 
tive  acceptance  as  shown  in  Fig.  21  [25]. 

To  solve  the  problem,  the  matching  section  at  the  input  to  the  RFQ 
should  be  chosen  so  that  the  system  acceptance  becomes  less 
dependent  upon  the  input  phase,  at  least  during  the  interval  with  the 
most  predominant  phases.  In  the  matching  section  as  developed  at 
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Table  2 

BASIC  PARAMETERS  OF  THE  RFQ  USED  IN  THE 
PREINJECTOR  SECTION  AT  IFVE  [24] 

Parameter  Unit  Theoretical  Experimental 


Injection  energy 
Output  energy 

Maximum  accelerated  particle 
beam  current 
Synchronous  phase 
RF  field  frequency 
Spectra  pulse  width 
Normalized  emittance 
Aperture  diameter 
Acceleration  system  length 
Outer  chamber  diameter 
Voltage  on  resonators 
RF  pulse  width 
Beam  current  pulse  width 
Pulse  rep.  rate 
Power  loss  to  walls 


keV 

100 

100 

keV 

635 

620 

mA 

100  to  150 

200 

degrees 

71  to  37 

71  to  37 

MHz 

148.5 

148.5 

% 

±  0 

+  7 

cm-mrad 

0.5 

0.46 

mm 

16 

16 

mm 

1360 

1360 

mm 

460 

460 

kV 

164 

164 

vs 

50 

50 

Vs 

10 

10 

Hz 

0.5 

0.5 

MW 

0.24 

0.24 

©  ^ 

30,0*©^©*® '© 

®  ©  0 


Fig.  19— RFQ  electrode  shape  and  cross-section  of  resonators 
with  the  matching  section  connected  to  the  input  of  the 
RFQ  accelerating  electrodes  [25] 
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1—  -3.5  5—  -2.5 

2—  -0.5  6—  -0.5 

3—  -3.0  7—  -1.5 

4— 0 

Fig.  20 — RFQ  acceptance  curves  as  a  function  of  input  phase 
(in  radians)  without  a  matching  section  (a)  and  with  a 
matching  section  (b)  [25] 


IFVE  [27],  the  beam  acceptance  was  increased  by  about  a  factor  of  two 
(compare  Fig.  20b  with  Fig.  20a).  For  most  of  the  input  phases,  the 
acceptance  becomes  practically  independent  of  phase.  Figs^  21b  and 
21a  show  the  RFQ  output  beam  emittance  with  and  without  the  match¬ 
ing  section,  respectively.  The  emittance  of  the  halo,  as  seen  in  Fig. 
21b,  decreased  by  more  than  a  factor  of  two.  Similar  findings  have 
been  observed  in  other  planes  of  symmetry.  In  order  to  increase  the 
intensity  of  the  accelerated  particle  beam,  the  four  elements  of  th 
matching  section  are  mounted  in  the  accelerator  resonator  coaxially 
and  flush  against  the  four-element  line.  All  the  radial  dimensions  o 
the  four-element  line  of  the  matching  section  are  v^times  lar&er  than 
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Fig.  21— Emittance  diagram  for  a  beam  at  the  output  of  the  RFQ 
for  an  input  emittance  of  Em  =  0.35  without  a  matching 
section  (a)  and  with  a  matching  section  (b)  [25] 


the  corresponding  dimensions  of  the  four-element  accelerator  line.  Its 
length  is  one-half  of  the  radial  oscillation  period  length  of  the  particles 

injected  into  the  matching  section  [27].  . 

While  these  results  were  obtained  in  the  USSR  in  1975,  similar 
results  and  proposals  were  made  independently  in  the  West  by  K.  R. 
Crandall  et  al.  [28]  in  1979  on  the  matching  device,  with  a  somewhat 
different  location  of  electrodes  but  with  a  basically  similar  mode  of 


operation.  f 

The  acceleration  system  of  the  RFQ  is  constructed  on  the  base  of  a 
double  H-resonator,  the  cross-section  at  which  is  shown  in  Fig.  3a. 
This  resonator  consists  of  two  H-cavities  located  in  one  container. 
The  cavities  are  loaded  with  cylindrical  electrodes  which  form  a  four- 
element  line  and  produce  a  homogeneous,  longitudinal  quadrupole  RF 
field.  Power  amplifiers  were  used  in  the  RF  system,  originally 
developed  at  RAIAN  for  the  1-100  accelerator.  Because  of  the  small 
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dimensions  of  the  resonators,  the  stored  energy  is  low  and  the  effi¬ 
ciency  of  the  resonators  can  be  higher  than  70  percent  [29]. 

The  synchronous  phase  in  the  RFQ  decreased  adiabatically  from 
(Pc  =2  80°  at  the  input  to  <pc  ~  37°  at  the  end  of  the  bunching  section  (at 
about  700  keV).  With  further  acceleration  to  2  MeV,  the  (pc  remains 
constant.  The  calculated  value  of  the  capture  coefficient  was  83  per¬ 
cent  at  a  sufficiently  high  coulomb  current  limit,  with  the  beam  current 
greater  than  200  mA  [30]. 


II.4.  RFQ  INJECTOR  OPERATION  AT  IFVE 

Developmental  work  at  IFVE  on  the  injector  to  the  proton  synchro¬ 
tron  has  been  active  for  the  last  10  years.  The  first  stage  of  the  linear 
accelerator  (the  URAL- 15)  was  placed  in  operation  in  1975.  The 
second  stage  of  the  main  accelerator  was  added  to  the  URAL- 15  in 
1976,  and  the  full  accelerator  (URAL-30)  went  into  operation  in  1977. 
During  1978,  experimental  beam  runs  were  made,  together  with  routine 
debugging  of  the  accelerator  system.  In  1979,  the  whole  accelerator 
was  moved  to  the  proton  synchrotron  injector  building  and  remounted. 

The  experiments  with  the  URAL- 30  accelerator  demonstrated  the 
total  system  to  be  operational  as  predicted  by  theory  and  showed  the 
satisfactory  operation  of  the  RFQ  in  the  preinjector  section.  A  proton 
beam  of  80  mA,  5  ^ts  pulse  length  at  30  MeV,  was  obtained  in  1980, 
with  experimental  beam  parameters  close  to  rated  values.  With  the  ion 
source  beam  current  of  160  mA,  the  RFQ  output  beam  current  was 
measured  to  be  130  mA,  demonstrating  a  capture  coefficient  of  65  per¬ 
cent.  The  maximum  capture  coefficient  of  the  RFQ  reached  83  per¬ 
cent.  The  ion  source  was  able  to  produce  a  maximum  beam  current  of 
500  mA  and  operated  well  with  a  200  mA  beam  with  a  beam  emittance 
of  0.1  to  0.2  cm-mrad.  It  was  determined  that,  at  beam  current  values 
greater  than  200  mA,  the  theoretical  coulomb  repulsion  limit  was  being 
approached.  The  normalized  acceptance  of  the  main  accelerator  sec¬ 
tion  (MAS)  was  greater  than  1  cm-mrad,  with  an  acceleration  effi¬ 
ciency  of  0.8  to  .85.  The  transfer  energy  between  the  RFQ  and  the 
MAS  was  chosen  to  be  2  MeV  in  order  to  avoid  the  possibility  of  reso¬ 
nance  between  the  longitudinal  and  lateral  oscillations  [31]. 

The  overall  system  of  the  URAL-30  injector  utilizing  the  RFQ  is 
shown  in  the  block  diagram  of  Fig.  22  [30].  The  ion  beam  is  formed  in 
the  ion  source,  from  where  it  is  injected  into  the  RFQ  (details  of  which 
were  given  in  Sec.  II.3)  and  then  is  further  accelerated  by  the  main 
accelerator  section  (details  of  which  are  presented  at  the  end  of  this 
section). 
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1 — ion  source 

2,4,6— induction  current  detectors 
3— RFQ  section 

5— main  accelerator  section  (MAS) 
first  stage — Cl 
second  stage — C2 

7 — beam  current  parameter 
measurement  apparatus 


8 —  input  power  and  automatic 

beam-field  perturbation 
compensation  system 

9 —  rf  generators 

10—  phase  regulating  system 

11 —  anode  modulators 

1 2 —  RF  power  system 

1 3 —  pulse  regulator  (timer) 


Fig.  22— Block  diagram  of  the  URAL-30  accelerator  [30] 


The  basic  values  of  the  individual  parameters  of  the  URAL-30  sys¬ 
tem  are  shown  in  Table  3  [30].  ***0  • 

The  shape  of  the  accelerating  electrodes  of  the  RFQ  and  MAS  is 
shown  in  Fig.  23b,  and  the  cross-section  details  of  the  resonators  are 
shown  in  Fig.  23c  [31].  The  diameter  of  the  H-resonator  of  the  MAS 
is  three  times  smaller  than  the  diameter  of  the  cylindrical  Alvarez  reso¬ 
nator.  The  transition  energy  between  the  RFQ  and  the  MAS  was 
chosen  to  be  2  MeV  in  order  to  avoid  the  possibility  of  any  resonance 
between  lateral  and  longitudinal  particle  oscillations.  At  2  MeV  the 
conditions  for  positioning  the  accelerator  electrodes  are  considerably 
simplified  for  the  first  periods  of  acceleration  in  the  MAS. 

The  acceleration  and  focusing  of  the  beam  in  the  MAS  is  carried  out 
in  a  “double  gap”  which  is  formed  by  three  electrodes,  in  which  two 
(basic)  are  attached  to  the  section  of  the  resonating  chamber  of  the  H- 
resonator  [32]  and  the  third  (intermediate)  is  kept  at  zero  potential. 
The  focusing  quadrupole  field  component  is  created  in  space  between 
the  “horns,”  which  are  attached  to  the  faces  of  adjacent  electrodes.  In 
the  first  stage  of  URAL-30  (up  to  a  beam  energy  of  16  MeV),  a  non- 
sym metric  structure  with  double  gaps  is  used.  The  horns  are  not 
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Table  3 

BASIC  PARAMETERS  OF  THE  URAL-30  INJECTOR  SYSTEM  [30] 


s 


MAS 


URAL-30  Parameters 


Injection  energy,  MeV 
Output  energy,  MeV 
Projected  beam  current,  mA 
Beam  pulse  spectra  width,  % 
Normalized  emittance, 
cm-mrad 

Current  pulse  width,  yxs 
Repetition  pulse  frequency, 

Hz 

Generator  power,  MW 
Operational  frequency,  MHz 
Vessel  length,  m 
Vessel  diameter,  m 
Aperture  diameter,  mm 
Normalized  acceptance, 
cm-mrad  at  0  =  0c 
Synchronization  phase,  degrees 
Resonator  voltage,  kV 


RFQ 

Stage  1 

Stage  2 

0.1 

1.98 

16.12 

1.98 

16.12 

29.87 

100 

100 

100 

+  3.2 

+  1.2 

+  0.83 

(0.5-1)11 

(0.5-l)ir  (0.5-l)i! 

10 

10 

10 

0.2 

0.2 

0.2 

1.1 

3.1 

4.1 

148.5 

148.5 

148.5 

3.5 

8.7 

12.7 

0.52 

0.4 

0.4 

20. 2-16. C 

i  19.0 

22.0 

1 . 86tt 

1 .4tt 

1 . 4  it 

84-37.6 

30 

30 

200 

304 

352 

present  in  the  first  half  of  the  gap.  This  structure  provides  accelera¬ 
tion  and  focusing  components  and  their  phasing  that  are  more  accept¬ 
able  for  all  the  particles  of  the  pulse  [22].  The  second  stage  of  the 
accelerator  uses  a  symmetric  double-gap  structure  with  horns  of  similar 
length  in  both  halves  of  the  gap.  This  structure  is  not  quite  as 
effective  as  the  nonsymmetric  one,  but  is  more  advantageous  from  RF 

considerations  of  the  H-resonator  [30]. 

The  H-resonator  is  made  up  of  resonating  chambers  in  the  form  of 
slit  cylinders  mounted  on  insulators  in  a  shielding  container  that  is 
about  a  factor  of  three  smaller  in  diameter  than  the  Alvarez-type  reso¬ 
nator  at  the  same  operating  wavelength.  The  URAL-30  features  an 
auto-compensation  system  (described  in  [33])  for  the  compensation  of 
excitations  introduced  into  the  RF  field  by  the  resonator. 

The  initial  stage  of  the  accelerator  (URAL-15)  was  first  run  in  May 
1975  with  a  maximum  beam  current  of  140  mA.  At  a  beam  current  of 
100  mA  the  normalized  emittance  was  measured  to  be  less  than  0.25 
cm-mrad  (for  85  percent  of  the  particles).  The  main  accelerator  sec¬ 
tion  of  the  URAL-15  was  first  operated  in  December  of  1975,  reaching 
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Fig.  23 — Block  diagram  of  the  URAL-30  accelerant  (a), 
8  electrode  shape  (b),  and  cross-sectem  of  the 


,  .  1fi  A/r ev  The  normalized  emittance  was 

ZZZ^O^Jfor  a  40  mA  beam,  as  shown  in  Fig.  24 

t3Beam  currents  in  the  URAL  accelerator  ^^gp^mw^s  deter- 

tive  detectors  and  a  faraday  cup,  momentum  resolution 

mined  using  a  pulsed  magnetic  analyse  with  —  ^  ^  , 

better  than  0.2  percent  “ctional  current  collectors  provid- 

movable  collimating  slit  with  multi-sectaonai  ^  percent 

ing  measurements  with  an acc™aW  spectra  of  the  beam  pulse  after 
Measurements  of  the  change  1  £teimine  the  threshold  energy 

each  acceleration  section  allow  on  d  ^  section.  A  valuable 
level  and  the  beam  energy  at  the  ou  p  the  measurement 

indicator  for  fine  tuning  of  the  syste“  P  field  levels  in  the  sec- 

TloSdinal  coherent  oscillations,  as 

shown  in  Fig.  25  [30]. 
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Fig.  24 — Beam  emittance  at  the  output  of  the 
URAL-15  accelerator  [31] 


After  determining  the  threshold  levels  of  each  section,  the  phasing 
of  tS  stctTon  can* be  tuned  more  accurately.  The 
energy  was  based  on  the  accelerated  beam  current  as  a  function  ot 
injection  energy  for  different  RF  field  levels  in  the  RFQ.  ^ngth 
tuning  of  the  accelerator  system,  the  dependence  of  the  accelerated 
beam  current  upon  the  RF  voltage  level  in  the  sections  was  also 

rcmoved^As  em  of  the  URAL-15  linear  accelerator  is  shown  in 

Figs  26  and  27  using  the  H-resonator  [34,35,23].  The  °* 

produces  a  mode  of  oscillations  whose  magnetic  field  and  potential 
the  “slit  section”  do  not  change  along  the  axial  length. 
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1—  _  ±  0.9  percent 
P 

2—  —  -  ±  1.2  percent 

P 

Fig.  25— Accelerated  beam  particle  spectra  at  different 
acceleration  conditions  [30] 


The  accelerating  electrodes  are  the  double-gap  type  [36,22,34]  and 
are  mounted  on  the  edge  of  the  resonator  cut.  Between  accelerating 
electrodes,  an  intermediate  electrode  is  placed  so  that  in  the  first  gap 
the  field  is  axially  symmetric  and  in  the  second  gap  it  possesses  a 
quadrupole  component.  In  this  configuration  the  accelerator  parame¬ 
ters  have  optimum  values  [22]. 

The  measured  distribution  of  fields  in  the  URAL-15  accelerator 
along  the  gaps  proved  to  be  basically  uniform  along  the  accelerator  sys 
tern,  as  demonstrated  in  Fig.  27  [34].  The  evenly  spaced  drops  in  the 
fields,  which  increase  with  the  number  of  gaps  passed,  are  due  to  the 
structure  of  the  junctions  of  the  resonator.  Computer  calculations  have 
shown  that  the  errors  in  the  field  distribution  do  not  affect  the  opera¬ 
tion  of  the  accelerator.  The  measured  average  electric  field  in  the 
URAL-15  was  determined  to  be  160  kV/cm  during  operation,  while 
voltage  breakdown  would  set  in  at  about  200  kV/cm  [34]. 

In  the  investigations  of  the  H -resonator  operation  and  optimization 
of  parameters,  it  was  determined  that  the  acceleration  system  possesses 
a  higher  accelerating  shunting  resistance  than  the  Alvarez  system  (up 
to  /3  =  0.15);  the  diameter  of  the  overall  accelerating  system  is  four  to 
five  times  shorter  while  the  rigidity  is  about  20  times  higher.  When 
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Fig.  26 — The  MAS  accelerator  system  with  the  H-resonator  [34] 
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Fig.  27 — Distribution  of  amplitudes  of  the  applied  accelerating 
electric  field  as  a  function  of  gap  number  along 
the  accelerating  system  axis  [34] 
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compared  with  the  Alvarez  system,  this  acceleration  system  turned  out 
to  be  considerably  simpler  both  technologically  and  structurally.  The 
alignment  and  tuning  of  the  accelerator  system  components  was 
accomplished  by  a  specially  designed  method  as  described  in  [37].  The 
electrodes  were  mounted  on  the  axis  of  the  resonator  using  a  mounting 
stand  and  were  attached  by  a  special  welding  technique  guaranteeing 
alignment  within  30  to  40  microns.  The  mounting  stand  is  shown  in 
Fig.  28. 


1 —  carriage 

2 —  accelerator  electrode  holder 

3—  aperture  target 

4—  exchange  ring 

5 —  mounting  electrode 

6 —  container 

7 —  resonator  section 

8 —  shim 

■  9 — guiding  rod 


10,11,1 2— details  of  movement 
mechanism  for  carriage 

1 3—  base 

14 —  alignment  mechanism 

1 5—  micro-telescope-comparator 

16 —  multi-prism  system 

17 —  graduated  tape 

1 8 —  intermediate  electrode  rod 

1 9—  multi-prism 


Fig.  28 — Mounting  stand  for  electrode  alignment  [37] 
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II.5.  THEORETICAL  CALCULATIONS  ON  RFQ  FOCUSING 
AND  ACCELERATION  AT  IYal 

Soviet  researchers  state  that  the  coulomb 
particle  beam  must  be  taken  into  account  when h^S£uL  How- 
intense  beam  currents  in  a  linear  accelerator  with  Q 
ever,  the  effect  of  the*  coulomb  fore«  ^“^2  “S  mUled 
recently  been  investigated  in  the  USSR.  In 

«•  z  z  - 

<  SMEpS  The  parameterswere  chosenjin 

Tuch  a  way  as  to  obtain  a  precise  particle  phase  density  (or  emittence) 
Tthe  exR  of  the  accelerator.  The  calculations  were  made  from  a  16  x 
16  x  32  arid  with  1024  particles  in  half  of  the  beam  at  an  mj 
beam  current  of  200  mA  [39].  The  distribution  tonctoolto  particle 
cloud  was  assumed  to  be  Gaussian  with  a  charge  dispersion  into 

^s^dLbrcheck  on  its  calculations,  IYal  investigated  particle 
dynamics  specifically  for  the  case  of  the  operating  eccelerator  at  IFVE 
[24].  In  order  to  determine  the  effect  of  space  charge,  ^  ^  ^  & 

tics  of  the  output  beam  were  calculated  assuming  b° 

2»  ItieSn  beam  current  vine.  The  normalised  ^ umttauce 
(for  85  percent  beam  particle  sampling)  was  de  ermi  coeffi- 

L-mrad  for  200  mA  beam  current  with  a  51  percent  capture  coeth 
cient  The  corresponding  experimental  value  for  the  emittance  (with  a 
2TO  mA  be^m  “mnt)  was  1.1  *  cm-mrad  with  a  50  percent  capture 
coefficient  [391.  These  numbers  demonstrate  a  strong  inverse  epen 
dence  of  beam  emittance  on  beam  current  (see  Fig.  29). 

Figure  30  shows  the  calculated  beam  emittance  diagr  outline 

put  of  the  accelerator  with  a  beam  current  of  200  mA.  The  outline 

^The  *1 Y a^cakulations  led  to  a  conclusion  that  special  ettention  has 
to  be  given  to  the  effects  of  coulomb  particle  repulsion  m  the  ase  of 
intensf  beam  currents  passing  through  RFQ  focusing  accelerators. 

In  1978  IYal  had  created  a  model  of  the  dynamics  of  an  in 
beam  in  1  WQ  accelerator  using  par.  of  the  ^ 

matching  section  with  a  continuous  change  m  n 

focusing  periods  [4].  First  using  a  “zero”  beam  current  condition  a 
beam  was  injected  into  the  matching  section  with  a  ^rmahzed  em^ 
tance  of  0.2  *  cm-mrad  with  a  uniform  particle  distribution  m  the 
phase  plane.  The  calculation  showed  that  the  matching  section  p 
duced  an  output  beam  with  an  emittance  of  0.28  *  cm-mrad,  as  con. 
pared  with  an  emittance  of  0.35  *  cm-mrad  obtained 
matching  section  (with  a  90  percent  beam  sampling).  Further  calcula 
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I  *  beam  current 
L  =  constant  for  protons 
Curve  1  — input  to  the  accelerator 
Curve  2 — output  of  the  accelerator,  for  - 
gSe  3 — output  of  the  accelerator,  for  I  - =  200  mA 

SS  l4Epu.  of  <M  a^“rfov""9  °"'v 

the  accelerated  particles 

Fig.  29 — Normalized  beam  emittance  as  a  fun 


tions  were  made  with  and  whhout  the  matching  aection  while  aasuminf 

beam  currents  of  100  and  200  function  of  distance  along 

The  beam  size  was  also  mve^gated  .nvestigationS)  dem0nstrated 
the  accelerator  axis.  The  results  of  to  incomplete 

in  Fig.  31,  show  oscillations  in  ^“a^r  channel.  The  ampli- 

matching  of  the  beam  wi  ,  decrease  toward  the  end  of  the 

tudes  of  the  oscillations  were  found  to  d  ^  &t  the  high  beam 
accelerator.  This  decrease,  espe  *  ff  t  of  nonlinearity  of  the 
currents,  was  interpreted  as  due  to  the 

coulomb  and  external  focusing  fie  ^Jerator  output  was  observed  to 
The  quality  of  the  beam  at  the  t  This  is  shoWn  by  plot- 

deteriorate  with  an  increase  m  e  accelerator  as  a 

ting  the  partial  beam  emittance  a  _  the ^  outp 

function  of  injected  beam  *  ’  profiles  showed  that  the  emit- 

The  analysis  of  various  beam  P  P  tching  area  of  the  accelera- 

tance  growth  basically  takes  place  in  ^e  matel^g  ^®^  ^  ^  wag 

tor.  To  study  beam  dynamics  without  beam 
injected  directly  into  the  channel  with  M  -  */  • 
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N0  represents  the  number  of  focusing  periods 
Injection  beam  currents: 
a— 0  mA 
b— 100  mA 
c — 200  mA 


Fig.  31 — Beam  radius  behavior  along  the  axis  of  the  accelerator 
at  different  beam  currents  [40] 


1— 90  percent 

2— 80  percent 

3— 70  percent 

4— 60  percent 


Fig.  32 — Partial  beam  emittance  at  the  accelerator  output  as  a 
function  of  injected  beam  current  [40] 
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t. 


A  comparison  of  the  above  data  showed  that  for  a  zero  current 
beam,  a  matching  section  with  a  continuously  changing  n  is  effective 
only  for  low  beam  currents.  The  beam  current  as  a  function  of  nor 
malized  emittance  is  shown  in  Fig.  33  for  an  injection  current  of  200 
mA.  The  solid  lines  represent  beam  matching  with  a  continuous 
change  of  n,  while  the  dashed  line  represents  the  case  without  match¬ 
ing. 


Fig.  33— Beam  current  as  a  function  of  normalized  beam  emittance 
at  the  accelerator  input  (1)  and  output  (2)  at  an  injection 
current  of  200  mA  [40] 


According  to  IYal,  the  reason  for  the  emittance  growth  of  the 
intense  beam  in  the  matching  section  is  the  insufficient  focusing 
strength  in  this  area.  This  can  be  verified  by  the  results  obtained  from 
particle  dynamics  calculations  for  an  RFQ  accelerator  using  differen 
values  of  fi.  With  a  value  of  m  =  ir/8  the  beam  emittance  growth  is 

considerably  greater  than  with  n  =  7r/4.  _ 

In  the  attempt  to  increase  the  beam  current  of  an  intense  ion  unear 
accelerator,  the  most  important  issue  concerns  the  parameters  of  the 
initial  injected  beam.  The  basic  requirement  in  this  case  is  the  match 
between  the  injected  beam  and  the  accelerating-focusing  channel  of  the 
accelerator.  A  mismatching  can  lead  not  only  to  excessive  loss  of  ions 
from  the  beam  but  also  to  degradation  in  the  quality  of  the  accelerated 

beam.  , 

At  small  injection  beam  currents,  when  the  beam  space  charge  can 
be  neglected,  the  problem  of  matching  the  injection  beam  to  the 
accelerator  is  independent  both  in  the  longitudinal  and  transverse 
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planes.  The  matching  in  the  longitudinal  plane  is  accomplished  by 
choosing  the  appropriate  parameters  of  the  buncher,  which  would  cap¬ 
ture  a  maximum  number  of  particles.  The  matching  in  the  transverse 
plane  is  accomplished  by  fitting  the  four-dimensional  phase  space  into 
the  transverse  acceptance  of  the  linear  accelerator.  For  this  reason, 
computer  codes  [42]  are  used  to  match  by  minimizing  the  target  func¬ 
tion  in  many  variable  spaces  (the  parameters  of  the  focusing  fields). 
The  problem  of  beam  matching  becomes  more  complex  at  higher  beam 
currents,  when  it  becomes  necessary  to  take  into  account  the  beam  s 
own  coulomb  field.  Since  the  coulomb  field  combines  the  interaction 
of  the  motion  in  both  planes  (longitudinal  and  transverse),  the  match¬ 
ing  of  large  beam  currents  must  be  considered  in  a  six-dimensional 
phase  space. 

RAIAN  has  investigated  the  process  of  formation  of  beam  bunches, 
taking  the  space  charge  forces  into  consideration  by  using  the  “large” 
particle  method  of  calculation  [43].  The  results  of  these  calculations 
showed  that  the  presence  of  space  charge  weakens  the  bunching 
mechanism  in  the  longitudinal  plane  and  adds  to  defocusing  in  the 
transverse.  RAIAN’s  calculations,  however,  have  not  been  carried  out 
in  the  six-dimensional  phase  space  as  was  done  recently  at  IYal  (see 
below).  This  is  probably  because  the  method  of  “large”  particle  calcu¬ 
lations  does  not  allow  for  such  matching  because  it  has  too  many 
degrees  of  freedom. 

In  1980,  [44]  IYal  showed  that  six-dimensional  beam  matching  con¬ 
siderably  increases  the  effectiveness  of  beam  injection  into  an  intense 
current  linear  accelerator.  Details  of  this  method  of  calculation  were 
reported  in  1978  [45];  differential  equations  were  then  derived  that 
allowed  for  the  optimization  of  the  beam-forming  parameters.  With 
the  help  of  these  equations,  the  external  fields  were  checked  and 
adjusted  in  the  calculations  using  the  “large  particle”  program.  This 
method  was  used  in  the  choice  of  the  injector  parameters  of  the 
MEGAN  linear  accelerator.  The  external  fields  were  chosen  in  such  a 
way  as  to  provide  the  maximum  number  of  particles  inside  the  six¬ 
dimensional  ellipse,  the  parameters  of  which  are  determined  by  the 
particle  dynamics  in  the  accelerator. 

In  these  studies  during  the  optimization  process,  it  was  determined 
that  any  lateral  movement  of  the  particles  is  very  sensitive  to  the  lon¬ 
gitudinal  bunching  of  the  beam.  The  results  of  the  calculations  are 
shown  below  with  comparisons  of  the  phase-space  diagrams  with  and 
without  bunching  while  still  maintaining  the  same  focusing  fields.  Fig¬ 
ure  34  shows  a  beam  emittance  diagram  in  one  of  the  lateral  planes 
with  and  without  bunching.  The  ellipse  in  the  figure  represents  boun¬ 
daries  the  beam  would  have  without  bunching.  It  is  evident  that 
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Fig.  34 — Phase  diagram  of  a  bunched  beam  in  the  x,  x'  plane  [44]. 
Beam  current  is  75  mA.  The  ellipse  represents  phase  space 
occupied  by  an  unbunched  beam. 
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bunching  leads  to  considerable  beam  mismatching  and  an  increased 

beam  emittance.  „  ,  , .  .  ,  ., 

Results  of  the  six-dimensional  calculations  of  the  particle  distribu¬ 
tion  in  different  phase  planes  are  shown  in  Fig.  35.  The  solid-  me 
ellipses  represent  phase  space  obtained  by  maximizing  the  program  and 
meeting  the  required  demands.  The  individual  numbers  represent  the 
corresponding  phase  density  of  the  particle  beam  obtained  by  the 
“large  particle”  method  of  calculation.  As  can  be  concluded  from  the 
figures,  there  exists  a  maximum  number  of  particles  inside  the  ellipses 
which  set  the  requirements.  In  the  calculations,  4100  particles  were 
used  with  a  period,  size,  and  number  of  “large  particles  chosen  in 
order  to  maintain  minimum  perturbation  of  the  beam  emittance. 

The  particle  capture  coefficient  as  a  function  of  injected  beam 
current  is  shown  in  Fig.  36.  From  the  figure  it  can  be  seen  that  in  the 
absence  of  good  beam  matching  (curve  2)  the  capture  coefficien 
decreases  with  increasing  beam  current.  However,  in  the  case  of  good 
beam  matching  (six-dimensional  beam  matching— curve  1)  the  data 
represent  the  optimization  of  the  bunching  fields.  At  optimal  values  of 
all  beam  focusing  parameters,  the  capture  coefficient  of  a  well-matched 
beam  is  practically  independent  of  beam  current  [44] . 


H.6.  DOUBLE-COMPONENT  ION  BEAMS 

RAIAN  and  IYal  have  also  looked  at  the  process  of  capture  and 
acceleration  of  a  “double-component”  particle  beam  in  linear  accelera¬ 
tors  [40,43],  with  RFQ  focusing  in  the  case  of  the  IYal  research.  T  e 
term  “double  component”  in  this  case  means  the  simultaneous 
acceleration  and  focusing  of  a  positive  and  a  negative  ion  beam,  whic 
move  along  the  same  acceleration  system.  In  the  forming  and 
accelerating  sections,  these  beams  are  spatially  separated.  According  o 
IYal,  it  is  not  sufficient  to  investigate  the  characteristics  of  simultane¬ 
ous  acceleration  of  the  oppositely  charged  beams  when  the  coulomb 
repulsion  effects  are  neglected  (as  in  the  case  of  Alvarez-type  accelera¬ 
tors  [43]).  In  an  RFQ  accelerator  with  low-energy  beam  injection, 
analysis  of  particle  dynamics  must  take  into  account  the  beam  space 

charge  and  coulomb  repulsion  effects. 

IYal  analyzed  the  longitudinal  particle  motion  using  various  approx¬ 
imations  for  the  coulomb  particle  field  [40].  Initially,  an  H"  beam  with 
“zero”  beam  current  and  an  intense  proton  beam  were  considere  . 
These  beams  were  assumed  to  be  monochromatic  with  an  evenly  distri¬ 
buted  charge  at  the  input  to  the  accelerator.  The  beam  phase  profile 
was  analyzed  at  various  points  along  the  accelerator  axis.  It  was  deter¬ 
mined  that  in  the  initial  stage  of  acceleration,  where  the  coulomb 
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Curve  1—6-dimensional  beam  matching 
Curve  2—4-dimensional  beam  matching 
Curve  3 — (dashed  curve  x)— results  of  calculations  obtained 
with  help  of  the  optimization  program 
Data  points— results  obtained  using  the  large  particle” 
calculation  method 


Fig.  36 — Dependence  of  the  particle  capture  coefficient 
as  a  function  of  injected  beam  current  [44] 


forces  are  most  prevalent,  part  of  the  H"  ions  falls  into  the  potential 
well  of  the  proton  beam.  These  ions  are  lost,  however,  at  a  later  stage 
of  acceleration.  Therefore,  the  presence  of  an  intense  proton  beam 
decreases  the  capture  coefficient  of  H"  ions,  and  its  coulomb  field  also 
perturbs  the  lateral  characteristics  of  the  weaker  beam.  At  the  end  of 
the  accelerator  (at  about  750  keV),  however,  the  ion  bunches  are  well 
separated  and  the  coulomb  field  of  the  proton  beam  has  practically  no 
effect  upon  the  acceleration  process  of  H"  ions. 

However,  according  to  IYal,  the  effects  of  the  coulomb  field  of  one 
beam  upon  the  dynamics  of  the  other  will  be  more  pronounced  in  the 
case  of  two  intense  ion  beams  (H+  and  H")  of  different  beam  currents. 
IYal  has  also  concluded  that  the  capture  coefficients  of  intense  ion 
beams  will  be  lower  in  the  “double-component”  acceleration  scheme 
than  in  the  case  of  a  single  beam  acceleration.  This  can  be  seen  by 
referring  to  Fig.  37,  where  the  capture  coefficients  &h+  and  &h-  as 
functions  of  H"  beam  are  affected  by  different  intensities  of  the  proton 
beam  [40]. 

Recent  theoretical  investigations  at  IYal  were  made  on  the  non¬ 
linear  interaction  of  intense  H+  and  H“  ion  beams  [46].  An  explana¬ 
tion  was  presented  on  the  inherent  processes  existing  up  to  a  period  of 
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1 —  acceleration  of  a  single  beam 

2 —  presence  of  100  mA  H+  beam 

3 —  presence  of  150  mA  H+  beam 


Fig.  37— Capture  coefficient  kn-  (solid  line)  and  ktf 
(dotted  lines)  as  functions  of  H~  ion  beam  at 
different  intensities  of  the  proton  beam  [40] 


about  20  plasma  oscillations  formed  by  the  beams.  Previously,  this 
process  has  been  analyzed  both  experimentally  and  theoretically  for 
only  two  plasma  periods  [47].  These  investigations  have  shown  the 
possibility  of  obtaining  ion  bunches  with  an  increase  in  particle  density 
by  almost  a  factor  of  10  [46]. 

RAIAN  researchers  have  made  investigations  on  the  simultaneous 
bunching  and  acceleration  of  H+  and  H"  ion  beams  of  intensities  from 
10  to  200  mA  specifically  for  the  MEGAN  accelerator  [48].  It  was 
determined  that  the  oppositely  charged  ion  beam  has  an  effect  of  per¬ 
turbing  the  phase-space  ellipse  and  thereby  increases  the  emittance  of 
the  primary  beam.  For  example,  for  a  200  mA  H”  beam,  the  emittance 
was  found  to  increase  by  30  percent  in  the  presence  of  a  200  mA  H+ 

beam,  as  demonstrated  in  Fig.  38  [48]. 

In  a  previous  Rand  report  [49],  the  author  analyzed  Soviet  research 
on  the  formation,  acceleration,  and  neutralization  of  H  ion  beams. 
The  Soviet  research  presented  in  this  report  deals  mainly  with  neutral¬ 
ization  of  negative  ion  beams  by  electron  stripping  in  various  charge- 
exchange  targets  and  in  background  gases.  No  experimental  data  were 
found  on  H"  beam  stripping  at  high  energies,  and  few  data  are  at  hand 
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-Dependence  of  the  effective  emittance  E„-  .t  the buncher  exit 
ruction  of  the  injected  H"  beam  Cerent  (for 
aroint  of  H  beam  current)  [48 J 


To"  H°"  or 

egative  ions  using  RFQ  or  APF  structures. 


III.  ALTERNATING  PHASE  FOCUSING 


III.1.  BACKGROUND  AND  EARLY  RESEARCH  ON  APF 

Accelerators  utilizing  alternating  phase  focusing  (APF)  accomplish 
the  simultaneous  acceleration  and  focusing  of  a  charged  particle  beam 
pulse  with  only  the  acceleration  field  itself  providing  both  radial  as  well 
as  longitudinal  beam  stability.  The  acceleration  of  particles  is  accom¬ 
plished  by  a  periodic  change  of  the  polarity  and  magnitude  of  the  syn¬ 
chronization  phase  along  the  length  of  the  accelerator.  A  good  intro¬ 
duction  and  review  of  the  APF  method  is  given  in  [50], 

The  APF  focusing  method  was  first  proposed  and  explained  by  M. 
L.  Good  [51]  and  Ya.  B.  Faynberg  [52].  Initially,  it  did  not  find  practi¬ 
cal  application,  because  of  the  small  interval  in  which  the  accelerated 
beam  pulse  experienced  longitudinal  and  radial  forces  exerted  by  the 
acceleration  field.  The  particle  capture  interval  was  determined  to  be 
small,  since  the  accelerated  particles,  during  the  phase  oscillation  pro¬ 
cess,  tend  to  fall  into  ineffective  phases  of  the  accelerating  field,  so 
that  considerable  defocusing  results.  It  was  found  that  the  polarity¬ 
changing  components  of  the  accelerating  field  were  unable  to  overcome 
this  defocusing,  and  therefore  the  method  was  assumed  to  be  ineffectu¬ 
al.  The  low  particle  capture  coefficient  thus  reflects  the  inability  to 

create  high  accelerated  beam  currents. 

However,  with  the  incorporation  of  asymmetry  into  the  longitudinal 
structure  of  the  accelerating-focusing  period,  the  capture  coefficient 
was  increased  (the  phase  interval  widened)  to  a  value  that  now  is 
almost  practical  while  still  maintaining  the  axial  symmetry  of  the  fields 
[53,54]. 

The  asymmetry  was  imposed  by  three  different  methods:  first,  by 
including  a  constant  into  the  synchronous  phase  value  [55];  later,  by 
the  periodic  change  of  the  accelerating  field  amplitude  along  the 
accelerator  [56],  or  by  the  introduction  of  a  special  function  in  the  syn¬ 
chronous  phase  change  within  the  limits  of  the  period  [57,53]. 

The  introduction  of  asymmetry  produces  an  additional  degree  of 
freedom  of  the  mutual  dependence  between  the  phasing  and  the  focus¬ 
ing  components  of  the  accelerating  field.  Various  variants  of  the  asym¬ 
metric  alternating  phase  focusing  (AAPF)  have  been  investigated  in 
detail  [43]. 
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Even  among  the  Soviet  community,  there  seemed  to  be  disagreement 
on  the  effectiveness  of  using  the  APF  method  for  accelerating  intense 
ion  beams.  B.  P.  Murin  and  other  researchers  from  RAIAN  had 
doubts  as  to  the  beam  stability  in  the  acceleration  of  proton  beams  of 
high  intensity.  These  researchers  showed  the  existence  of  a  beam 
current  limit  of  32  mA  at  an  energy  of  1.8  MeV  for  the  AAPF  method 
[43].  Another  analysis,  taking  into  account  space-charge  forces  using 
the  “large  particle”  model,  came  up  with  a  value  of  only  15  mA  [43]. 
However,  according  to  KhFTI,  these  overconservative  results  are  due 
to  the  nonoptimal  choice  of  the  operating  parameters  of  the 
accelerating-focusing  channel  [58].  A  new  method  of  choosing 
accelerator  parameters  for  modified  APF  (MAPF)  was  first  shown  in 
1978  at  KhFTI  for  a  deuterium  accelerator,  where  various 
accelerating-focusing  channel  structures  have  been  investigated  in 
detail  [59].  For  the  MLUD-3  accelerator  with  MAPF,  the  limiting 
beam  current  was  determined  to  reach  from  300  to  350  mA  [58]. 


III.2.  APF  RESEARCH  AT  RAIAN 

Theoretical  investigations  at  RAIAN  in  the  early  1970s  [56,60,61,62] 
demonstrated  that  the  AAPF  acceleration  fields  have  an  ability  to 
maintain  a  longitudinal  and  lateral  stability  of  accelerated^  proton 
bunches  having  particle  capture  phase  interval  greater  than  60°  to  70  . 
These  calculations  have  been  confirmed  experimentally  [63,62].  The 
experiments  were  carried  out  in  1972  [62]  with  an  accelerator  having 
drift  tubes  accelerating  protons  from  50  to  550  keV .  The  experimental 
measurements  involved  accelerated  beam  current,  beam  energy  spec¬ 
trum,  and  beam  emittance.  Computer  calculations  of  AAPF  interac¬ 
tions  between  phase  and  radial  oscillations  were  made  in  1972  [64],  the 
purpose  was  to  determine  the  effect  of  these  oscillations  on  the  capture 
coefficients  of  the  accelerator  and  the  role  of  adiabatic  damping  of  the 
oscillations  and  their  nonlinear  character  in  the  capture  mechanism. 
The  calculations  were  carried  out  for  protons  in  an  accelerator  with 
drift  tubes  using  a  2  m  wavelength  in  an  energy  range  from  50  keV  to  1 

MeV*  ^  ,  1 
In  1975,  RAIAN  [63]  investigated  the  longitudinal  and  lateral 

motion  of  particles  as  a  function  of  aperture  diameter  of  an  accelerator 

with  APF  in  the  energy  range  from  100  keV  to  2  MeV.  Soviet 

researchers  at  RAIAN  believe  that  the  acceleration  of  relatively  large 

beam  currents  in  accelerators  with  APF  can  be  accomplished  only  with 

electrode  apertures  having  large  enough  diameters.  However,  in  the 

front-end  stages  of  the  accelerator,  large  apertures  can  cause  the 
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accelerating  field  to  destroy  the  focusing  properties.  By  determining 
the  accelerating-focusing  channel  parameters  as  functions  of  aperture 
size,  RAIAN  determined  the  optimum  beam  injection  energy  that 
should  be  used  and  thus  increased  the  limits  on  the  particle  beam  that 
can  be  accelerated.  The  calculations  assumed  a  normal  distribution  of 
the  accelerating  field  in  the  gaps  while  neglecting  the  effect  of  space 
charge. 

In  1976,  RAIAN  reported  a  model  experimental  proton  accelerator 
having  the  following  parameters:  injection  energy,  100  keV;  output 
energy,  1.8  MeV;  accelerating  field  frequency,  150  MHz;  9  accelerating 
gaps;  150  kV/cm  accelerating  field  in  the  gaps;  particle  acceleration 
field  gradient,  5  MeV/m;  length  of  accelerating  column,  40  cm;  resona¬ 
tor  diameter,  40  cm  [53].  The  experimental  work  on  this  accelerator 
was  initiated  in  1976.  Low-level  beam  currents  of  about  10  mA  were 
injected  and  only  1  mA  was  accelerated  at  that  time  [53].  However, 
the  Soviet  researchers  claimed  that  these  test  results  showed  promise 
for  the  AAPF  acceleration  of  protons  and  heavy  ions.  In  the  case  of 
extra  heavy  ions,  such  as  uranium,  this  type  of  accelerator  was 
assumed  to  excel  any  other  type  of  accelerator. 

The  beam  current  limit  for  a  proton  accelerator  with  AAPF,  which 
is  imposed  only  by  radial  coulomb  repulsion,  has  been  determined  at 
RAIAN  by  two  methods  to  be  32  or  40  mA  for  the  following  parame¬ 
ters:  injection  energy,  200  keV;  wavelength,  2  m;  radius,  0.6  cm, 
Em  =  8  MV/m;  =  20°;  kp  -  1.6;  =  2.5  [45]. 

Increasing  injection  energy  makes  it  possible  to  increase  beam  aper¬ 
ture  diameter  and  thus  to  increase  beam  current  limit  over  100  mA 
[61].  When  the  injection  energy  is  decreased,  however,  the  beam 
current  limit  also  decreases  due  to  radial  particle  repulsion. 

In  1978  RAIAN  analyzed  a  hollow  beam  version  of  the  APF 
accelerator.  According  to  calculations,  this  accelerator  is  capable  of  a 
maximum  proton  beam  current  of  500  mA,  limited  by  transverse  and 
longitudinal  coulomb  repulsion  forces.  The  hollow  beam  mean  radius 
was  10  cm,  with  an  acceleration  field  gradient  of  6  MV/m.  The  results 
showed  that  the  acceleration  of  hollow  beam  pulses  can  be  achieved 
with  alternating  phase  focusing,  with  longitudinal  as  well  as  lateral 
particle  stability  in  high-intensity  beams  [65]. 

In  1977-1978,  RAIAN  considered  an  accelerator  that  is  capable  of 
accelerating  multiple  beams  with  AAPF.  Sixteen  separate  beamlets 
were  considered  for  a  beam  injection  energy  of  200  keV,  with  16  aper¬ 
tures  instead  of  the  single  aperture  in  each  drift  space.  The  distance 
between  the  axes  of  successive  beamlets  was  30  to  35  mm,  and  the 
overall  diameter  of  the  drift  tube  was  17  to  20  cm.  The  total  beam 
current  of  all  the  beamlets  was  estimated  to  reach  from  300  to  400  mA 
[43]. 
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The  initial  accelerator  section,  using  the  16  beamlets,  provided  a 
final  energy  from  800  keV  to  1  MeV.  Further  acceleration  of  the 
beamlets  beyond  the  1  MeV  energy  point  was  considered  by  combining 
the  16  beamlets  into  four  large  beams,  four  beamlets  to  a  beam.  Each 
of  the  four  large  beams  had  a  radius  twice  the  size  of  the  beamlets  and 
could  reach  a  maximum  combined  beam  current  limit  of  200  mA.  At 
this  beam  current  level,  coulomb  particle  repulsion  did  not  affect  the 
beamlet  merger  [43]. 

The  four  large  beams  were  accelerated  from  800  keV  or  1  MeV  to  20 
MeV  using  a  single  acceleration  tube.  At  20  MeV,  they  were  combined 
into  a  single  beam  with  an  estimated  beam  current  from  300  to  400  mA 
and  beam  emittance  of  2 Air  cm-mrad  [43].  In  this  region  of  the 
accelerator,  the  current  limit  was  higher  than  400  mA  and  thus 
coulomb  repulsion  would  also  not  affect  the  combination  or  further 
acceleration  of  the  combined  beam. 

In  1978-1979,  RAIAN  analyzed  the  use  of  the  primary  section  of  a 
heavy-ion  accelerator  with  charge-to-mass  ratios  of  up  to  1/40  in  con¬ 
junction  with  a  500  kV  injector.  Singly  charged  argon  ions  were  con¬ 
sidered  (with  charge-to-mass  ratio  of  1/40  and  a  relativistic  initial  velo¬ 
city  of  P  =  .005)  [66].  In  order  to  obtain  a  relatively  high  intensity  of 
the  beam  in  the  primary  stages  of  acceleration,  seven  separate  parallel 
beams  were  simultaneously  accelerated  at  a  field  frequency  of  25  MHz. 
It  was  determined  that  at  an  ion  energy  of  0.4  MeV/nucleon  the 
separate  beams  can  be  combined  into  one  composite  beam  which,  in 
turn,  can  be  further  accelerated  in  a  single  channel  using  the  same  field 
frequency.  The  composite  beam  current  of  argon  ions  could  reach  105 
mA  with  a  normalized  beam  output  emittance  of  6  cm-mrad  [66].  The 
multiple  beam  design  is  shown  in  Fig.  39  using  seven  apertures  in  each 
drift  tube  to  create  the  seven  beams. 

The  acceleration  of  multiple  beams  can  be  accomplished  only  in  the 
initial  accelerator  section,  where  the  maximum  allowable  current  of  the 
accelerating  channel  is  lower  than  the  sum  of  the  separate  accelerated 
beams.  When  the  particle  velocity  increases  to  a  point  where  this  limit 
no  longer  holds,  the  system  of  beams  must  be  combined  into  a  single 
beam  to  be  further  accelerated  in  a  single  channel.  When  the  separate 
beams  are  combined  into  one,  the  current  of  the  combined  beam  and 
its  six-dimensional  emittance  increase  with  the  number  of  the  separate 
beams.  The  parameters  of  the  combined  beam  and  its  emittance  are 
dependent  upon  the  method  of  beam  addition  [67].  A  proposed  method 
of  addition  is  shown  in  Fig.  40,  where  the  separate  beams  at  the  output 
of  the  multiple  beam  acceleration  system  (1)  pass  through  a  three- 
element  quadrupole  lens  (2)  which  matches  the  lateral  phase  diagram 
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1—  resonator  chamber 

2—  drift-tube  supports 

3—  multi-aperture  drift-tubes 

4—  apertures 


Fig.  39— Multiple  beam  accelerating  structure  [66] 


of  the  combined  beam  with  an  acceptance  representing  a  single  beam 
accelerator  (4).  Beam  steering  plates  (3),  provided  for  each  beam,  steer 
the  beams  onto  the  mutual  axis. 

Figure  41  shows  cross-sections  of  beams  in  the  geometrical  plane  XY 
and  in  the  orthogonal  phase  planes  XX’  and  XY’  before  combination 
(a)  and  after  (b). 

The  ellipse  represented  by  the  dashed  lines  in  Fig.  41b  corresponds 
to  the  effective  emittance  of  the  combined  beam  and  has  a  similar 
shape  to  that  of  each  of  the  separate  beams.  The  beam  is  expected  to 
be  accelerated  to  about  1  MeV/nucleon  in  an  acceleration  channel  with 
AAPF.  The  total  length  required  for  the  proposed  accelerator  (to  1 
MeV/nucleon),  including  the  beam-combining  section,  should  be  8.5  m. 

The  use  of  AAPF  in  a  multi-beam  accelerating  system  has  been 
shown  to  produce  relatively  high-intensity  beam  currents  with  a  high 
acceleration  rate  (13  MV/m)  that  is  not  attainable  with  other  methods 
of  focusing.  It  was  proposed  [66]  that  in  order  to  achieve  considerable 
increases  in  heavy-ion  beam  current,  a  multi-beam  acceleration  system 
with  RFQ  focusing  could  be  used. 
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(a)  (b) 


Fig.  40 — Schematic  of  the  multiple  beam  combination 
apparatus  [66] 


*1  —output  of  the  multiple  beam  accelerating  structure 

2 —  focusing  lenses 

3—  deflection  plates 

4 —  input  of  the  combined  single  beam  accelerating 
structure 

Fig.  41 — Diagram  of  the  beams  in  the  geometric  and  orthogonal 
phase  planes  before  (a)  and  after  (b)  combination  [66] 
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In  1978  RAIAN  analyzed  the  magnitude  of  the  phase  and  radial 
acceptances  of  a  heavy-ion  accelerator  with  AAPF  which  could  simul¬ 
taneously  accelerate  ions  of  different  charges.  Uranium  ions  intro¬ 
duced  at  the  input  of  the  accelerator  at  2  MeV/nucleon  would  have 
charges  from  45  to  51  and  result  in  an  output  of  16  MeV/nucleon,  at  4 
m  accelerating  wavelength,  and  11  MV/m  accelerating  field  gradient. 
The  calculations  showed  that  particles  having  a  charge  of  46  and  lower 
had  unstable  oscillations  in  the  longitudinal  direction.  Particles  with 
charges  of  51  and  above  showed  practically  no  stability  in  the  lateral 
direction  [68]. 

RAIAN’ s  most  recent  theoretical  work  on  AAPF  was  reported  in 
1980  [69].  The  optimum  mode  of  operation  of  the  accelerator  was 
determined  for  the  case  of  a  heavy- ion  accelerator  being  considered  for 
the  Heavy-Ion  Accelerator  Complex  at  Dubna  (UKTI).  The  use  of 
seven-charge  uranium  ions  is  proposed  for  an  output  energy  of  1 
MeV/nucleon  and  an  input  energy  of  14.7  keV/nucleon.  A  resonator 
and  drift-tube  accelerating  structure  will  be  used,  where  the  RF  field  in 
adjacent  gaps  has  opposite  phases  with  an  accelerating  wavelength  of 
12  m  and  an  accelerating  field  in  the  gaps  of  13  MV/m.  The  aperture 
diameter  in  the  initial  part  of  the  accelerator  is  2  cm  and  the  total 
length  of  the  accelerator  is  6.8  m  [69].  The  goal  of  the  calculations 
was  to  maximize  the  longitudinal  and  lateral  acceptances  of  the 
accelerator. 

The  basic  feature  in  this  optimum-designed  accelerator  is  that  the 
parameter  of  asymmetry  does  not  remain  constant  but  gradually 
changes  along  the  length  of  the  accelerator,  as  shown  in  Fig.  42.  Here, 
(3S  is  the  synchronous  particle  velocity  expressed  in  units  of  velocity  of 
light.  In  the  optimized  version  of  the  accelerator,  the  constant 
representing  the  synchronous  phase  is  about  5°  in  the  direction  of 
phasing  (defocusing).  Then  it  gradually  decreases  to  zero,  and  at  the 
end  of  the  accelerator  again  reaches  5°,  but  this  time  in  the  focusing 
direction. 


III. 3.  APF  RESEARCH  AT  KhFTI 

Calculations  of  the  accelerator  particle  capture  in  longitudinal  and 
transverse  planes  were  first  made  at  KhFTI  in  1977  [70],  and  contin¬ 
ued  in  1978  [54]  and  1979  [71]  under  the  leadership  of  N.  A.  Khi- 
zhnyak  and  N.  G.  Shulika.  In  1980  the  coulomb  limit  of  the  beam 
current  was  evaluated  by  numerical  analysis,  using  the  ’’large  particle” 
model  with  space  charge  taken  into  account  [58].  The  analysis  was 
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Fig.  42 — Change  in  the  synchronous  phase  A <p  as  a 
function  of  0//3 s  [69] 


based  on  the  MLUD-3  accelerator  with  MAPF,  and  showed  that  the 
limiting  beam  current  could  be  as  high  as  350  mA  [58,72,70], 

In  its  most  recent  work  on  APF  [72]  in  1982,  KhFTI  studied  both 
versions,  AAPF  and  MAPF.  A  comparison  of  the  two  versions  of 
focusing  was  made  for  the  case  of  a  3  MeV  linear  deuteron  accelerator. 
The  most  important  parameters  considered  were  acceleration  rate, 
phase  capture,  effective  channel  acceptance,  and  maximum  beam 
current  limit. 

In  the  analysis,  the  initial  energy  spread  of  the  beam  was  taken  as  ± 
1  percent,  beam  radius  was  0.25  cm,  the  initial  trajectory  angle  was  30 
mrad,  and  the  acceleration  fields  in  the  gaps  were  approximated  by  a 
square  wave  [58].  The  lateral  acceptance  of  the  accelerator,  obtained 
without  considering  space  charge,  is  represented  in  Fig.  43. 

The  accelerated  beam  current  was  determined  as  a  function  of 
injected  current,  with  a  normalized  beam  emittance  taken  as  0.09  cm- 
mrad.  This  dependence  is  shown  in  Fig.  44,  where  the  accelerated 
beam  current  initially  increases  almost  linearly  with  injected  current, 
reaches  a  maximum  of  325  mA  at  4  A  injection  current,  and  then 
begins  to  drop  [58]. 
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Fig.  43 — Lateral  acceptance  of  the  MLUD-3  accelerator  for  an  energy 
spread  at  the  input  within  the  limits  of  ±  1  percent  [58] 


Fig.  44 — Accelerated  ion  beam  current  as  a 
function  of  injection  current  [58] 


The  accelerated  beam  current  as  a  function  of  beam  emittance  at 
the  input  was  also  calculated.  It  is  shown  in  Fig.  45  for  an  injection 
current  of  4  A,  which  corresponds  to  the  maximum  accelerated  beam 
current  as  shown  in  Fig.  44. 

In  the  figure,  the  maximum  particle  trajectory  angle  (the  abscissa) 
for  a  given  beam  radius  is  directly  proportional  to  the  beam  emittance. 
Therefore,  the  accelerated  ion  beam  current  drops  with  an  increase  in 
beam  emittance,  because  any  transverse  motion  becomes  limited  owing 
to  the  beam  emittance  exceeding  the  accelerator  channel  acceptance. 

KhFTI  researchers  were  somewhat  surprised  to  find  the  falloff  of 
the  accelerated  beam  current  with  decreasing  beam  emittance.  Their 
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Fig.  45— Dependence  of  the  accelerated  ion  beam  current  as  a  function 
of  the  maximum  initial  trajectory  angle  of  the  particles  [58] 


explanation  of  this  phenomenon  was  beam  overfocusing  or  the  develop¬ 
ment  of  instabilities  with  an  increase  in  the  beam  phase  density  [58]. 
The  conclusion  of  these  researchers  is  that  the  APF  method  could  be 
used  effectively  with  small  linear  accelerators  with  beam  currents  up  to 
several  hundreds  of  milliamperes  and  especially  with  accelerators  utiliz¬ 
ing  heavy  ions. 

In  the  comparison  of  AAPF  and  MAPF,  the  MAPF  system  was 
shown  to  have  higher  rigidity  [72].  Decreasing  rigidity  restricts  the 
transmission  of  the  accelerating  channel  and,  therefore,  decreases  the 
upper  limit  of  the  accelerator  beam  current.  In  order  to  verify  this 
conclusion,  particle  dynamics  in  both  modes  of  operation  were  analyzed 
[72]  using  the  single-particle  approximation  and  taking  into  account 
particle-coulomb  interaction. 

Identical  initial  conditions  for  the  injection  of  the  particles  have 
been  imposed  for  both  modes  of  acceleration,  assuming  an  accelerating 
field  of  90  kV/cm,  an  injection  energy  of  150  keV,  accelerating  field 
wavelength  of  200  cm,  and  an  output  energy  of  3  MeV.  The  average 
acceleration  rate  for  MAPF  turned  out  to  be  1.33  times  higher  than 
that  of  AAPF  [72].  This  result  can  easily  be  explained  by  the  fact  that 
the  lengthening  of  the  drift -tube,  which  is  dependent  upon  the  transi¬ 
tion  from  the  positive  phase  to  the  negative  phase,  in  the  case  of  AAPF 
is  made  after  every  two  accelerating  periods  while  in  the  case  of  MAPF 
it  is  made  after  four  or  five  accelerating  periods.  The  areas  of  phase 
capture  for  AAPF  and  MAPF  are  shown  in  Fig.  46. 

The  extent  of  the  phase  capture  area  for  AAPF  is  A  ip  ~  50°  while  for 
MAPF  it  is  A <p  ~  140°;  MAPF  thus  has  the  capture  coefficient  which  is 
2.5  times  larger. 
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Fig.  46 — Areas  of  phase  capture  for  the  AAPF  (dotted  lines) 
and  the  MAPF  (solid  line)  cases  [72] 


Fig.  47 — Accelerated  beam  currents  for  the  AAPF  (bottom  curve 
the  MAPF  (top  curve)  cases  [72] 
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The  effective  acceptance  calculated  for  the  MAPF  case  was  deter¬ 
mined  to  be  0.112tt  cm-mrad  and  for  the  AAPF  case  it  was  0.035tt  cm- 

The  maximum  accelerated  beam  current  was  obtained  for  the  MAPF 
case  with  a  value  of  250  mA,  with  an  injected  current  of  4  A  as  shown 
in  the  top  curve  of  Fig.  47. 

It  was  concluded  in  the  recent  KhFTI  studies  that  the  choice  of  the 
focusing  method  plays  a  most  important  part  in  obtaining  accelerated 
beams  with  optimum  parameters.  The  use  of  the  MAPF  method 
results  not  only  in  an  expanded  phase  capture  region  and  better  radial 
beam  characteristics  but  also  in  an  increased  average  acceleration  rate. 
The  considerable  increase  in  the  beam  current  limit  of  the  accelerator 
makes  it  possible  to  obtain  output  beam  currents  up  to  100  mA  with 
capture  coefficients  of  0.25  to  0.35  [72]. 


III.4.  APF  RESEARCH  AT  MIFI 

A  1.2  MeV  proton  linear  accelerator  with  AAPF  was  put  into  opera¬ 
tion  in  June  1981  at  the  Radiation-Accelerator  Laboratory  of  the  Mos¬ 
cow  Engineering  Physics  Institute  (MIFI)  [73].  The  proton  beam  was 
formed  using  a  duoplasmatron  ion  source  with  a  directly  heated 
cathode  and  operating  in  a  pulsed  gas  injection  mode.  The  beam  injec¬ 
tion  energy  was  100  keV  with  an  injected  beam  current  of  up  to  120 
mA  and  beam  pulse  length  of  150  ^s.  According  to  Soviet  researchers, 
the  maximum  beam  current  that  can  be  accelerated  through  this 
accelerator  has  not  yet  been  reached.  Further  studies  are  now  in  pro¬ 
gress  to  maximize  the  beam  current  at  the  output. 

A  schematic  of  the  overall  accelerator  system  is  shown  in  Fig.  48 
and  its  basic  parameters  are  represented  in  Table  4. 

A  single  electrostatic  lens  was  located  immediately  following  the 
injector  ion  source  which  focused  the  beam  into  the  accelerator  and 
matched  the  beam  emittance  to  the  accelerator  acceptance.  The 
extractor  electrode  of  the  injector  could  be  laterally  translated  in  order 
to  change  the  position  of  the  beam  for  fine  tuning  of  the  accelerator. 
The  beam  cross-section  at  the  output  of  the  injector  was  measured 
with  a  double  slit  collimator.  It  was  determined  that  about  90  percent 
of  the  beam  current  was  found  within  a  beam  radius  of  5  mm.  Beam 
emittance,  as  measured  with  the  double  slit  method,  was  determined  to 
have  a  value  of  0.16  cm-mrad  [73]. 

The  accelerator’s  distinguishing  feature  is  the  use  of  a  double -line 
resonator  with  drift  tubes  having  small  radial  dimensions,  a  high  value 
of  shunting  resistance,  and  the  ability  to  even  out  the  acceleration  field 
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1 —  ion  source 

2—  fine  adjustment  electro-magnet 

3 —  beam  current  detector 

4 —  accelerating  system 

5 —  foil  spectrometer 

6 —  injector  power  supplies 

7—  timer 

8 —  anode  modulator 

9 —  RF  generator 


Fig.  48  Overall  schematic  of  the  accelerator  system  [73] 


Table  4 

BASIC  PARAMETERS  OF  THE  1.2  MeV  ACCELERATOR 
USING  AAPF  PUT  INTO  OPERATION  AT  MIFI  [73] 


Accelerator  Parameters  Calculations 


Injection  energy,  keV 
Output  energy,  MeV 
Beam  emittance,  cm-mrad 
Accelerator  acceptance,  cm-mrad 
Pulse  repetition  rate,  Hz 
Top  of  pulse,  jis 
RF  pulse  power,  kW 
Operating  frequency,  MHz 
Resonator  length,  cm 
Resonator  diameter,  cm 
Aperture  diameter,  mm 
Capture  coefficient,  degrees 


90 

1.2 

0.6 


84 

149.4 

74.0 

20.0 

12  to  16 
70 


Experiment 


88  +  2 
1.2" 

0.16  +  .02 
1 

100  +  5 
88  +  4 
149  ?4 
74.0 
20.0 

12  to  16 
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amplitudes  along  the  length  of  the  accelerator.  The  initial  develop* 
ment  of  the  resonator  was  performed  at  RAIAN  [74].  It  demonstrated 
efficient  operation  coupled  with  relatively  simple  construction  and 
small  radial  dimensions  which  were  independent  of  the  generator  fre¬ 
quency.  Most  of  the  components  of  the  resonator  were  made  of  high 
quality  copper  with  the  internal  surfaces  polished  in  order  to  optimize 
the  RF  characteristics.  The  schematic  diagram  of  the  resonator  and 
beam  line  is  shown  in  Fig.  49. 

Half-wave  oscillators  (6  and  7)  are  mounted  on  supports  (5)  and 
fastened  to  the  outer  shield  tank  (1)  with  bolts  (13).  The  connection 
points  of  opposite  oscillators  to  the  shield  are  displaced  by  a  quarter 
wavelength  relative  to  each  other,  so  that  the  RF  potential  antinode  is 
found  at  the  end  of  one  oscillator  while  it  is  in  the  middle  of  the  other. 
A  secondary  movable  support  system,  located  next  to  the  basic 


1 0— conical  shield  of  the  RF  power  input 
coaxial  line 

1 1 . — polyfluoroethylene  vacuum  window 

12 —  central  lead  of  the  coaxial  line 

13 —  oscillator  mounting  bolts 

Fig.  49 — Schematic  diagram  of  the  1.2  MeV  accelerator 
using  AAPF  put  into  operation  at  MIFI  [73] 
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supports  and  placed  near  the  middle  of  the  oscillators,  is  used  for  fre¬ 
quency  fine  tuning  and  increases  the  rigidity  of  the  oscillator.  A  slight 
movement  of  the  supports  relative  to  the  oscillators  and  the  outer 
shield  shifts  the  resonator  frequency  from  2  to  3  MHz.  Drift  tubes  (8), 
located  along  the  axis  of  the  resonator,  are  attached  alternatively  to 
opposite  oscillators  by  means  of  conical  mounts  (9).  The  RF  power 
input  assembly  is  a  coaxial  line  with  conical  outer  shield  (10)  fitted 
with  a  polyfluoroethylene  vacuum  window  (11).  The  central  lead  of  the 
coaxial  line  is  attached  to  this  window. 

The  maximum  value  of  the  electric  field  fell  on  the  center  of  the 
17th  gap  and  had  a  value  of  8.5  MV/m  at  the  rated  generator  RF 
power  of  84  kW.  The  relative  measured  values  of  the  electric  fields  at 
the  centers  of  the  accelerating  gaps  are  shown  in  Fig.  50. 

The  beam  aperture  diameters,  the  lengths  of  the  acceleration  gaps 
and  acceleration  electrodes,  and  the  optimum  locations  for  electrode 
supports  were  determined  by  calculations  based  on  equations  of  motion 
of  charged  particles  in  an  accelerator  with  AAPF  [43]. 

There  were  20  drift  tubes  used  in  the  resonator,  their  lengths  vary¬ 
ing  from  5  to  40  mm.  The  length  of  the  accelerating  gaps  increased 
monotonically  from  6  to  32  mm.  Three  focusing  periods  along  the 
acceleration  line  were  2.5,  3.5,  and  4  in  wavelength  units.  The 
acceleration  gaps  of  drift  tubes  1  to  5  corresponded  to  the  first  focusing 
period,  6  to  12  to  the  second,  and  13  to  20  to  the  third.  The  values  of 
the  phases  are  shown  in  Table  5  for  each  gap  number  for  which  the 
equilibrium  particle  passes  through  the  center  of  the  accelerating  gap 
[73]. 

The  synchronous  phase  A <p  as  a  function  A/3/  /3s  for  the  accelerator 
structure  is  shown  in  Fig.  51.  As  seen  from  the  figure,  the  extent  of 
the  phase  capture  of  the  proton  for  the  given  injection  energy  is  70  . 


Fig.  50 — Distribution  of  the  electric  field  strengths  along 
the  length  of  the  resonator  [73] 


Table  5 


PARTICLE  PHASE  VALUES  FOR  EACH  ACCELERATION 
GAP  IN  THE  ACCELERATOR  [73] 


Gap 

Number 

Phase  of 
Equilibrium 
Particle 
(degrees) 

Gap 

Number 

Phase  of 
Equilibrium 
Particle 
(degrees) 

1 

3 

11 

93 

2 

93 

12 

48 

3 

183 

13 

3 

4 

123 

14 

47 

5 

63 

15 

91 

6 

3 

16 

135 

7 

63 

17 

179 

8 

123 

18 

137 

9 

183 

19 

95 

10 

138 

20 

53 

Fig.  51 — A p/fis  as  a  Function  of  A <p  [73] 
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The  accelerator  acceptances  for  different  injection  phases  of  the  par¬ 
ticle  <p0  are  shown  in  Fig.  52.  The  effective  acceptance  is  represented 
by  the  shaded  area  having  a  value  of  0.6  cm-mrad. 

MIFI  has  recently  conducted  additional  investigation  of  the  APF 
method  of  acceleration.  This  research  was  involved  in  a  particular  case 
of  APF  that  Soviet  researchers  call  “traveling  wave  field  focusing” 
(TWFF);  it  explores  a  method  of  focusing  particles  by  the  accelerating 
field  of  a  traveling  wave  as  first  proposed  in  1957  [75],  developed  at 
MIFI  in  1971  [76,77],  and  further  advanced  recently  [78,79]. 

To  accelerate  and  focus  the  particles,  a  polyharmonic  system  is  used 
that  employs  two  well-defined  harmonics:  one  for  acceleration  and  the 
other  for  focusing.  The  harmonics  are  created  by  modulating  the 
amplitude  of  the  accelerating  field.  In  structures  utilizing  drift  tubes, 
these  drift  tubes  are  responsible  to  form  the  required  modulation  of  the 
field,  as  has  been  shown  in  Ref.  76.  With  this  kind  of  modulation,  it 
was  determined  that  two  more  harmonics  are  formed  in  addition  to  the 
basic  harmonic.  These  are  a  slow  one  and  a  fast  one,  whose  phase 
velocities  are  correspondingly  less  than  and  greater  than  the  phase 
velocity  of  the  basic  harmonic.  Thus,  the  basic  harmonic  is  used  for 


- =  - 1 8° 

— -+18°_ 
shaded  area  =  effective  acceptance 

Fig.  52 — Accelerator  acceptances  for  various 
injection  phases  of  the  particles  [73] 
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focusing  and  the  slow  harmonic  is  used  for  acceleration.  The  ampli¬ 
tude  and  the  phase  velocity  of  the  acceleration  harmonic  are  deter¬ 
mined  by  the  depth  and  the  period  of  the  modulation  of  the  basic  har¬ 
monic  [78].  Several  other  linear  accelerator  variations  utilizing  dif¬ 
ferent  harmonics  for  acceleration  and  focusing  have  been  investigated 
[79];  only  a  few  of  these  combinations  were  found  to  be  effective  for 
the  simultaneous  acceleration  and  focusing  of  a  particle  beam. 

A  feasibility  study  was  made  [78]  on  the  possible  design  of  an 
accelerator  using  TWFF.  With  an  initial  particle  velocity  of 
Pint  =  0.0106,  accelerating  field  gradient  of  14  MV/m,  acceleration  rate 
of  0.75  MeV/m,  and  extent  of  phase  capture  of  160°,  the  maximum 
pulsed  beam  current  was  determined  to  be  100  mA.  The  most  impor¬ 
tant  advantage  of  a  TWFF  accelerator  was  quoted  to  be  its  operation 
in  the  2  m  wavelength  region,  which  is  the  most  utilized  region  in 
resonant  ion  linear  accelerators.  This  type  of  accelerator  permits  one 
to  accelerate,  immediately  after  the  injector,  a  variety  of  ions  (up  to 
nickel  ions  having  a  charge  of  5)  [78]. 


IV.  CONCLUSIONS 


Soviet  work  on  optimizing  the  operating  parameters  in  the  RFQ  and 
APF  structures  of  the  ion  linac  systems  has  kept  abreast  of  the 
corresponding  developments  in  the  United  States.  By  the  end  of  1982, 
the  Soviets  had  claimed  the  following  basic  operational  performance 
levels  for  these  structures: 

•  An  RFQ  proton  beam  current  of  100  mA  at  25  microsec  pulse 
length  for  a  92  keV  input  and  3  MeV  output.  This  develop¬ 
ment  is  intended  for  a  planned  50  MeV  proton  linac  injector. 

•  An  RFQ  proton  beam  current  of  130  mA  at  5  microsec  pulse 
length  for  a  100  keV  input  and  2  MeV  output  injected  into  a  30 
MeV  linac  in  which  the  proton  current  reached  80  mA. 

•  An  APF  injected  proton  beam  current  of  up  to  120  mA  at  150 
microsec  pulse  length  for  a  100  keV  input  and  a  1.2  MeV 
accelerator  injector  output. 

Another  significant  parameter  characterizing  these  achievements  is  the 
beam  emittance,  which  was  brought  down  to  0.3  cm-mrad  in  the  130 
mA  RFQ  system  operating  alone  and  rose  to  0.5  to  1.0  cm-mrad  in  this 
system  operating  with  the  injector  stages.  In  the  APF  system,  the 
emittance  was  0.16  cm-mrad. 

The  Soviet  parameters  are  comparable  to  the  equivalent  U.S.  opera¬ 
tional  levels  reported  in  U.S.  publications  at  about  the  same  time.  For 
example,  an  average  proton  beam  current  of  the  order  of  100  mA  has 
been  reported  for  the  current  U.S.  systems,  although  the  West,  at 
present,  is  developing  at  least  11  accelerators  using  the  RFQ  technol¬ 
ogy. 

The  equivalent  U.S.  operational  developments  have  been  limited  to 
the  RFQ  systems.  The  APF  systems  have  not  been  used  in  the  U.S. 
effort,  although  the  Soviets  claim  that  they  are  potentially  significant 
and  have  shown  successful  operation  of  this  system. 

Parallel  with  the  development  of  operating  systems,  the  Soviet  insti¬ 
tutes  have  advanced  several  significant  theoretical  proposals. 

Soviet  research  on  the  APF  system  has  been  characterized  by  a 
steady  effort  to  increase  the  proton  current  up  to  the  theoretical  limit 
that  is  imposed  by  coulomb  repulsion.  At  least  three  techniques  to 
deal  with  this  problem  have  been  apparent  in  the  Soviet  open  litera¬ 
ture.  First,  increasing  the  electrode  apertures  was  found  to  provide  the 
possibility  of  a  significant  increase  of  the  beam  current  above  100  mA 
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due  to  a  decrease  in  coulomb  repulsion.  Second,  a  hollow  beam  APF 
machine  has  been  proposed  that  should  be  capable  of  a  proton  current 
of  500  mA,  thus  significantly  increasing  the  coulomb  repulsion  limit. 
Finally,  a  multiple-beam  APF  system  was  proposed  as  an  alternative 
method  of  increasing  beam  current  by  employing  multiple  parallel 
beamlets  with  multiple  apertures  in  the  drift  tubes.  This  technique  is 
expected  to  provide  proton  currents  of  300  to  400  mA  for  a  200  keV 
injection  energy  and  final  beam  energy  of  20  MeV. 

In  addition  to  the  goal  of  increasing  the  current,  the  Soviet  effort 
was  directed  toward  expanding  the  region  of  phase  capture,  improving 
the  radial  beam  characteristics,  and  increasing  the  average  voltage  gra¬ 
dient  of  the  system.  A  modified  version  of  the  APF  system  is  expected 
to  triple  the  phase  capture  region,  from  50°  to  140°,  increase  the  cap¬ 
ture  coefficient  by  a  factor  of  2.5,  and  increase  the  voltage  gradient  by 
one-third.  These  improvements  are  to  be  achieved  in  conjunction  with 
a  proton  current  as  high  as  350  mA. 

A  recent  and  somewhat  unexpected  report  has  it  that  MIFI  has  put 
into  operation  an  APF-type  accelerator  with  injected  proton  beam 
currents  up  to  120  mA  and  low  observed  beam  emittance.  Most  of  the 
published  prior  research  on  APF  systems  was  either  theoretical  or  con¬ 
sisted  of  low-current  experiments,  and  thus  did  not  indicate  that  the 
APF  method  has  progressed  to  the  point  of  a  working  prototype.  Its 
deployment,  however,  seems  to  show  that  the  APF  system  can  operate 
successfully  at  higher  current  levels.  It  can  be  further  surmised  that  an 
even  more  advanced  APF  system  can  be  expected  in  the  future,  if 
KhFTFs  claims  for  its  modified  APF  version  featuring  many  promising 
features  are  true. 

The  Soviet  drive  towards  increasing  the  limit  on  proton  current  has 
produced  a  considerable  body  of  theoretical  findings  in  this  area. 
Prominent  in  this  work  is  Soviet  stress  on  coulomb  repulsion,  which 
must  be  taken  into  account  in  the  case  of  low  input  voltages  and  high 
beam  currents,  beam  degradation  and  emittance  that  increase  with 
beam  current,  and  beam  emittance  growth  that  takes  place  at  the  front 
end  of  the  accelerator  system.  The  corresponding  experimental  work 
has  dealt  with  beam  emittance  as  a  function  of  the  phase  of  injected 
particles.  Proper  six-dimensional  matching  between  the  beam  and  the 
accelerator  input  has  practically  removed  this  dependence. 

The  optimum  shape  of  the  RFQ  accelerating  and  focusing  electrodes 
has  been  determined  to  be  a  half-cylinder  with  two  different  base  diam¬ 
eters  separated  by  a  transition  section  with  a  sinusoidal  profile.  Prob¬ 
lems  of  fabricating  these  electrodes  have  been  solved,  and  milling 
machines  currently  perform  this  task  in  both  manual  and  computer- 
controlled  modes. 
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The  overall  Soviet  research  on  both  RFQ  and  APF  methods  of 
acceleration  and  focusing  has  concentrated  exclusively  on  pulsed  beams 
of  protons  and  heavier  positive  ions.  No  evidence  is  available  in  the 
Soviet  literature  that  CW  operation  and  H  or  other  negative  ion 
beams  systems  are  being  developed  in  the  USSR.  The  evidence  of 
three  operational  facilities  appearing  in  the  open  sources  does  not 
mean,  of  course,  that  it  represents  all  the  Soviet  effort  in  this  area  and 
all  RFQ  and  APF  installations  developed  in  the  USSR.  It  is  possible 
that  other  facilities  exist,  based  on  the  improvements  suggested  in  the 
theoretical  articles  published  by  the  Soviets,  and  having  more  advanced 
parameters.  If  this  is  the  case,  the  absence  of  these  developments  in 
the  open  Soviet  literature  could  be  ascribed  to  classification  action  by 
Soviet  authorities  because  of  possible  military  applications. 
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